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ABSTRACT 


This  report  presents  the  results  of  a  scientific  analysis  conducted  as  part 
of  a  one -year  survey  of  geophysics  in  naval  warfare  conducted  for  the  Office  of 
Naval  Research  by  The  Travelers  Research  Center..  Inc.  In  the  main  study, 
reported  separately  ana  entitled  Geophysics  in  Warfare,  Report  I— Geophysical 
f  actors  in  Naval  Warfare  (U),  the  scientific  feasibility  and  military  significance 
to  the  Navy  and  Marine  Corps  of  exploiting  a  large  range  of  possibilities  for 
either  geophysical  prediction  or  control  are  systematically  explored  and  recom¬ 
mendations  for  the  most  fruitful  follow-on  programs  are  provided.  In  this  report, 
(Report  II),  details  of  the  scientific  analysis  of  feasibility  of  control  of  a  number  of 
geophysical  phenomena  are  presented.  In  addition,  there  are  presented  the  tneo- 
relical  aspects  of  evaluating  the  utility  of  prediction  and  control  in  operations 
affected. 
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FOREWORD 


Because  the  scope  and  findings  of  this  study  have  implications  for  many 
users,  the  study  has  been  documented  in  twe  reports;  these  reports  have  sepa¬ 
rate  security  classifications,  distribution  lists,  and  applications.  Following  the 
Table  of  Contents  of  each  report  there  is  a  list  of  sections  and  appendixes  that 
appear  in  the  complementary  report.  Note  especially  that  Sections  3.0  and  4.0 
of  Report  I  -  Geophysical  Factors  in  Naval  Warfare  (U)  comprise  the  entire  basic 
text  vjf  Report  IT  -  Analyses  of  Geophysical  Phenomena.  (U). 
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PiCfflS  NOT  7I2M2D  iRg  SUNK 


This  is  Report  II  of  a  two-report  series  which  summarizes  the  results  of 
a  one-year  study  of  the  possibilities  for  exploiting  the  prediction  or  control  of 
geophysical  phenomena  in  naval  and  marine  warfare. 

More  than  two  hundred  fifty  geophysical  factors  were  considered  capable 
of  affecting  in  some  degree  about  thirty-four  major  Navy  and  Marine  Corps 
missions.  Many  of  these  factors  exhibited  several  distinct  facets  or  stages, 
each  of  which  had  its  own  unique  military  significance,  Practical  limitations  in 
time  and  funds  requiied  that  detailed  feasibility  studies  be  limited  to  those  factors 
of  highest  potential  military  importance  and  technological  promise.  Although  a 
quasi-objective  methodology  was  developed  for  this  selection  process,  budget 
limitations  again  precluded  its  use  and  a  qualitative  judgmental  procedure,  which 
included  ONR  review,  was  used  instead. 

The  thirty-four  geophysical  phenomena  and  situations  selected  as  of 
greatest  potential  military  significance  w'ere  examined  in  detail  for  scientific 
and  technological  feasibility  both  of  prediction  and  control.  The  energy  budgets 
and  conversion  processes  associated  with  each  were  studied  quantitatively,  and 
the  most  likely  modification  opportunities  identified,  considering  the  kinds  of 
energy  resources  available  to  technology  during  the  next  five  to  fifteen  years. 

Similarly,  the  predictability  of  each  phenomenon  by  both  statistical  and 
analogue,  or  dynamic,  techniques  was  assessed,  and  the  extent  to  w'hich  present 
techniques  have  succeeded  in  exploiting  this  predictability  were  reviewed. 
Considerable  scope  for  extending  and  improving  present  methods  was  revealed 
and  the  most  promising  avenues  for  advance  were  specified. 

Since  the  conclusions  of  the  study  with  regard  to  military  importance 
depend  so  strongly  on  qualitative  reasoning  and  judgment,  care  has  been  taken 
to  document  both  the  geophysical  analyses  which  served  as  inputs  and  detailed 
descriptions  of  the  evaluation  methods  used.  It  is  believed  the  geophysical  analy¬ 
ses  represent  a  more  comprehensive  survey  of  the  scientific  considerations 
underlying  prediction  and  control  than  is  available  elsewhere  in  the  literature  and 


will  support  continuing  evaluation  of  novel  geophysics-in- warfare  concepts  that 
may  materialize  in  the  future.  The  detailed  analyses  supporting  prediction 
and  control  potentialities  are  presented  in  this  report. 
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3.0  ANALYSES  OF  GEOPHYSICAL  PHENOMENA 

Since  the  dawn  of  time,  man  has  had  to  contend  with  the  variabilities  of 
the  environment  of  earth,  air  and  water  which  is  his  natural  endowment  and  the 
source  and  sustenance  of  his  existence.  On  balance,  he  has  contended  very  suc¬ 
cessfully,  but  generally  by  an  adaptive  and  protective  technique,  the  control  of 
these  phenomena  being'  ascribable  only  to  omnipotent  dieties  and  therefore  beyond 
the  considered  manipulation  of  mere  mortals.  Earthquakes,  floods,  coastal  inun¬ 
dations,  hurricanes,  tornadoes,  thunderstorms,  droughts,  these  things  happen,  and 
there’s  not  much  one  can  do  but  protect  oneself  and  one’s  property,  or  mov_  on  to 
more  benign  surroundings. 

This  attitude  is  literally  the  result  of  millenia  of  experience,  observation 
and  action — and  in  point  of  fact,  is  appropriate  in  a  very  large  measure  to  the 
world  in  which  we  live  today.  Significant  as  man’s  efforts  are  to  control  floods, 
redistribute  water  for  agricultural  purposes,  and  construct  earthquake,  wind,  water, 
and  temperature  proof  buildings  and  shelters,  he  has  now  only  the  slightest  influ¬ 
ence  on  the  geophysical  processes  which  plague  and  sustain  him. 

But  what  about  the  future?  Are  significant  geophysical  phenomena  beyond 
man’s  control?  Are  they  so  complex,  large  and  energetic  as  to  defv  any  manipula¬ 
tive  techniques  man  may  be  able  to  control  and  afford?  The  answers  to  these  ques¬ 
tions  are  not  available  for  the  vast  majority  of  those  geophysical  phenomena  which 
are  significant  to  man’s  survival  and  advancement.  But,  more  important,  we  are 
now  reaching  the  point  where  these  questions  can  be  as  teed  with  candor,  and  objective 
answers  can  be  sought.  The  feasibility  of  control  (and  by  feasibility  we  mean  suc¬ 
cessful  control  by  means  within  the  resources  available  to  men)  can  only  be  assessed 
when  an  objective,  quantitative  evaluation  of  the  mechanisms  which  produce,  sustain 
and  destroy  these  environmental  events  is  at  hand.  The  desirability  of  control  is  a 


( 

I 

social,  economic  and  operational  problem,  assessable  only  in  terms  of  the  effects 
such  control  ea_.  produce  and  the  relative  worth  of  these  effects  compared  to  the 
cost  of  control  or  alternative  methods. 

The  present  study  recognizes  this  whole  gamut  of  interests  in  the  control  of 
geophysical  phenomena  within  the  operational  context  of  future  naval  systems.  As 
has  been  described  previously,  the  choice  of  interactions  between  naval  operations 
and  processes  within  the  natural  environment  in  which  these  operations  occur  has 
been  deliberately  and  strongly  constrained  so  that  c.na'yses  in  depth  could  be  per¬ 
formed.  Beyond  this  constraint,  the  studies  reported  in  summary  foirn  in  this  sec¬ 
tion  (and  in  detail  in  Volume  III)  were  conducted  without  regard  for  specific  appli¬ 
cations  to  naval  operations.  Their  naval  implications  will  be  considered  in  Sections 
5.0,  8.0,  and  7.0. 

3.1 _ Methods  of  Analyses 

The  analyses  of  geophysical  phenomena,  which  constitute  phase  II  (see  Section 
1.2.1)  of  this  study,  have  been  designed  to  systematize  information  on  three  major 
facets  of  these  phenomena  as  they  pertain  to  feasibility  of  control  or  modification: 

(a)  systematic  delineation  of  the  scale  (  i  time  and  space)  of  a  phenomenon, 

(b)  detailed  descriptions  (kinematics)  >i  the  phenomenon  and,  as  far  as  possible, 
quantitative  and  rigorous  statements  of  the  dynamics  ana  energetics  of  the  phenome¬ 
non,  and 

(c)  analyses  of  the  kinematic,  dynamic,  and  energetic  descriptions  of  the  phe¬ 
nomenon  for  potential  control  or  modification  techniques  and/or  improved  prediction 
methods. 

Because  of  the  complexity  of  geophysical  phenomena  in  general,  it  was  recog¬ 
nized  from  the  outset  that  incomplete  descriptions  and  large  uncertainties  would  be 
the  rule  rather  than  the  exception  in  the  results  of  these  studies.  However,  it  was 
also  evident  that  systematic,  knowledgeable  appraisals,  done  with  complete  candor 
and  integrity,  would  yield  valuable  and  useful  summaries  of  what  is  known,  and 
would  identify  those  areas  in  which  the  lack  of  knowledge  is  critically  detrimental 
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to  full  exploitation  of  geophysical  phenomena  in  naval  operations. 

To  assure  objectivity  and  efficiency  in  these  analyses,  senior  scientists  were 
assigned  individual  pnenomenological  analyses  in  their  areas  of  greatest  competence. 
The  general  purpose  of  these  analyses  was  described  to  them,  but  the  importance  of 
scientific  objectivity  was  emphasized.  The  following  outline  of  the  analysis  was  given 
for  uniformity  of  approach  and  format,  but  each  scientist  was  given  considerable  lati¬ 
tude  in  its  use,  to  assure  the  clearest  presentation  consistent  with  his  particular  sub¬ 
ject  assignment. 


3.2  Outline  for  Selected  Phenomena  Analyses 

A.  General  Description 

1)  Phenomena  types 

2)  Chai  acteristic  geographical  extent 

3)  Char aci  eristic  process  and  property  involvement 

(a)  Basic  forces 

(b)  Modifying  factors 

(c)  Property  transports 

4)  Characteristic  variations  (life  cycle) 

B.  Assessment  of  Geophysical  Forces 

1)  Basic  physical  equations 

2)  Force  analysis 

(a)  Order-of-magnitude 

(b)  Horizontal-scale 

(c)  Vertical-scale 

3)  Characteristic  structure 

C.  Assessment  of  Geophysical  Energy 
1)  Energy  budget 

(a)  Storage  estimates 

(b)  Transformation-rate  estimates 

(c)  Dissipation-rate  estimates 
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2)  Instabilities 

D  Modification  or  Control  Feasibility 

1)  Force  and/or  energy  interference 

(a)  Direct 

(b)  Indirect 

2)  Promotion  or  suppression  of  critical  conditions 

3)  Survey  of  simulation  and  predictive  capabilities 
(a)  Theoretical 

4)  Research  required  for  further  control  or  modification  feasibility 
assessment 

(a)  Theoretical 

(b)  Experimental 
(o)  Observational 

Against  this  general  background  of  requirements  and  format,  each  scientist 
was  given  complete  freedom  to  survey  the  state  of  knowledge  in  his  assigned  problem 
area,  consolidate  and  quantify  this  knowledge  and  assess  from  an  objective,  physical 
basis  the  feasibility  of  modification  or  control  of  that  phenomenon.  In  addition,  and 
as  a  natural  corollary  of  these  analyses,  an  assessment  was  made  of  the  pi edictability 
of  the  phenomenon. 

In  several  instances,  control  and  modification  feasibility  could  be  assessed 
directly  on  the  basis  of  energy  requirements  and  logistics.  However,  much  more 
frequently  this  decision  had  to  be  qualified  by  a  recognition  of  inadequacy  of  know¬ 
ledge  and  the  need  for  further  research  before  any  confident  statement  could  be  made. 
This  was,  of  course,  one  of  the  purposes  of  these  analyses,  namely  to  pinpoint  wher¬ 
ever  possible  areas  of  uncertainty  and  ignorance  which  must  be  removed  before  pro¬ 
gress  could  be  made  in  any  deliberate  attempt  to  modify  geophysical  phenomena. 
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3.3  Analyses  Coiiipiui^u 

The  following  analyses  01  geophysical  phenomena,  or  important  geophysical 
properties  which  are  alterable  by  geophysical  processes  have  been  completed. 


TABLE  3-1 

GEOPHYSICAL  PHENOMENA  ANALYSES 


Topic 

See  Section 

Analyzed  by 

1.  Geological  environment 

Earthquak 

3.4.1 

R.M.  Jo r den 

Surface  and  ground  water 

3.4.2 

B.M.  Jorden 

Soil  crafficability 

3.4.3 

R.M.  Jorden 

II.  Atmospheric  environment 

Atmospheric  turbulence 

3.4.4 

K.D.  Hage 

Hurricanes 

3.4.5 

K.W.  Veigas 

Thunderstorms 

3.4.6 

E.  Messier  and  P.  Feteris 

Lightning 

3.4.7 

V  .J.  Schaefer* 

Air  mass  formation  and 
cyclogenesis 

o 

bo 

D.I. .  Cooley  and 

F.  Sanders* 

Clouds  and  precipitation 

3.4.9 

K.  Kessler  and  J.  Wilson 

Fog 

3.4.10 

K.D.  Hage 

Boundary  layer  winds 

3.4.11 

J.L.  Pandolfo 

Ionospheric  phenomena 

3.4.12 

P.  Harteck*  and 

J.L.  Pandolfo 

Ozone 

3.4.13 

V.J.  Schaefer* 

Electromagnetic  propagatic 

>n  3.4.14 

B.M.  Herman* 

*  Consultants  to  TRC 
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Topic 

Oceanographic  environment 


TABLE  3-1  (continued) 
Set  Section 


Analyzed  by 


Surface  waves 

3.4.15 

J.L.  Pandolfo 

Internal  waves 

3.4.16 

R.G.  Harris 

Surface  currents 

3.4.17 

W.L.  Gates 

Internal  currents 

3.4.18 

W.L.  Gates 

Tsunami 

3.4.19 

W.L.  Gates 

Oceanic  turbulence 

3.4.20 

W.L.  Gates 

In  vJdi  ilGCi  to  these  studies,  consultations  were  held  with  Drs.  Allyn  Vine 
and  Arthur  Voorhees  at  the  Woods  Hole  Oceanographic  Institution  (WHOI)  regarding 
environmental  effects  on  underwater  sound  propagation.  It  was  apparent  from  these 
discursio^o  rhur  very  extensive  programs  of  analyses  and  research  are  underway  at 
WHOI  and  elsewhere  and  any  attempt  to  survey  this  important  problem  area  in  depth 
in  the  context  of  the  present  program  would  be  redundant.. 

3.4  Summary  of  Geophysical  Analyses 
3.4.1  Earthquakes 

Recent  technological  developments  suggest  methods  for  detection  of  the 
areas  of  accumulation  of  tectonic  strain  which  may  be  released  by  overt  high-energy 
inputs,  such  as  the  detonation  of  nuclear  devices.  Results  of  underground  detonations 
by  the  AEC  confirm  the  feasibility  of  release  of  tectonic  strain  by  this  method,  but 
the  “free  realized  has  been  quite  small. 

The  feasibility  of  detecting  areas  of  tectonic  strain  m  unfriendly  or  alien  ter- 

s 

ritories  is  very  marginal  and  will  probably  remain  so.  'Offensive  use  of  this  tech¬ 
nique  is  equally  subject  to  lack  of  surreptitious  modes  of  operation.  From  a  defense 
point  of  view,  further  research  on  the  detection  of  vulnerable  areas,  so  as  to  isolate 
or  obviate  significant  damage,  appears  desirable. 


3.4.2  Surface  and  Ground  Water  Hyd  ’ological  Processes 

The  multiple  roles  of  water,  in  the  ecology  of  plants  and  animals,  in  the 
energetics  of  atmospheric  motion1-’  on  all  weather-producing  scales,  in  industrial 
activities  of  all  kinds,  in  transportation,  recreation,  and  in  geological  processes  of 
erosion  and  transport,  all  point  to  the  importance  of  consideration  of  water  in  the 
context  of  the  geophysical  environment. 

Attention  is  turned  here  to  two  important  geophysical  processes,  1)  evap¬ 
oration  of  surface  waters,  and  2)  the  hydrology  and  geology  of  stream  bed  alteration. 

3.4. 2.1  .Evaporation  Suppression 

A  review  of  the  work  done  to  date  shows  that  following  the  initial  concepts 
of  evaporation  suppression  by  some  eight  different  methods,  major  attention  has  been 
directed  toward  the  use  of  monomolecular  films  ocer  open  water  surfaces.  The  effi¬ 
cacy  of  significant  reductions  of  evaporation  over  small,  fresh  water  surfaces  has 
been  clearly  demonstrated.  Major  problems  which  remain  are, 

(a)  Prevention  of  disruption  of  the  film  by  wave  action. 

(b)  Maintenance  of  the  film  against  the  “sweeping”  action  of  surface  winds 
greater  than  15-20  mph. 

(c)  Extrapolation  to  largo  areas  and  to  saline  water  surfaces. 

The  last  problem  appears  to  be  the  most  serious  since  the  one  laboratory 
study  which  has  been  completed  tends  to  show  an  adverse  chemical  effect  due  to  salt 
which  is  at  a  maximum  when  salt  is  at  concentrations  normally  found  in  sea  water. 

The  effects  of  waves  and  surface  w'inds  on  the  disruption  and  removal  of 
monomolecular  films  appear  soluble  at  this  time.  Mixtures  of  stearyl  and  cetyl 
alcohols  should  provide  maximum  self-healing  and  evaporation  suppression.  In  addi¬ 
tion,  the  possibility  of  simultaneously  producing  a  surface  oil  film  which  selectively 
suppresses  small-scale  waves  can  be  considered  (see  Section  3.4.15  for  an  analysis 
of  wave  suppression  techniques). 

The  logistics  and  technological  feasibility  of  evaporation  suppression  by 

monomolecular  films  can  be  judged  by  the  estimate  of  0.2  to  0.4  lb  acre  1  day  \  or 

-2  -1  2 
between  128  and  256  lb  mi  day  .  For  small  and  medium  size  lakes  (10-100  mi  ). 
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no  particular  problems  of  practicality  arise.  Problems  arising  from  attempts  to 
alter  evapoiation  over  millions  of  square  miles  of  ocean  surface  appear  formidable. 


3.4. 2. 2  Stream  Bed  Alteration 

The  natural  diversion  of  rivers  from  one  stream  bed  to  another  is  well 
established  and,  in  the  case  of  the  lower  Mississippi,  the  effects  of  erosion,  siltation 
and  altered  flow  rates  due  to  such  a  change  (partly  man-made)  has  been  well  studied. 
Denial  of  ports,  changes  in  navigability  and  ultimately  dramatic  changes  in  water  sup¬ 
ply  could  be  achieved  by  artificial  diversion  of  rivers.  In  general,  the  technological 
feasibility  of  such  an  operation  depends  upon  the  pre-existence  of  an  alternate  stream 
bed  separated  from  the  present  bed  by  modest  land  barriers  which  could  be  removed 
by  high  explosives.  It  is  believed  many  such  situations  exist  and  could  be  identified 
from  available  topographic  and  hydrologic  maps. 

3.4.3  Soil  Trafficability 

Present  knowledge  of  soil  trafficability  (the  ability  of  a  natural  soil,  sur¬ 
face  to  sustain  a  compressive  load  and  traction)  is  highly  empirical  and  incomplete. 
The  resume  in  Appendix  T  points  clearly  to  the  environmental  parameters  which 
affect  soil  trafficability  (principally  rainfall  or  local  moisture  content)  but  much  more 
definitive  knowdedge  of  the  multiple  effects  of  soil  parameters  is  clearly  required  be¬ 
fore  optimum  modification  and  control  (by  other  than  <ried  road  building  tecnniques) 
can  be  developed  and  assessed. 

3.4.4  Atmospheric  Turbulence  in  Relation  to  Structural  Damage 

Atmospheric  turbulence  pervades  all  facets  of  geophysical  phenomena 

within  the  atmosphere  and  at  the  earth-air  and  air-sea  interfaces.  The  importance 
of  turbulent  transfer  processes  can  hardly  be  overestimated,  and,  without  a  doubt, 
man’s  ability  to  control  and  modify  atmospheric  and  interface  phenomena  will  be 
greatly  extended  when  he  understands  the  subtleties  and  criticalities  of  these 
extremely  complex  processes. 

In  order  to  focus  attention  (and  constrain  the  very  broad  range  of  scales 
at  which  turbulent  processes  operate)  the  specific  effect  of  atmospheric  turbulence 
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on  structures  is  singled  out  for  consideration  here.  This  permits  consideration  of 
the  controlling  features  of  the  structure  and  intensity  of  turbulence  in  the  frequency 
range  from  0.5  to  50  cycles/hr.  In  keeping  with  the  purpose  of  this  study,  however, 
emphasis  is  directed  to  the  controlling  features  of  turbulent  transfers  of  momentum 
exercised  by  th"1  fluid  state  rather  chan  the  mechanisms  of  structural  damage. 

The  analysis  presented  in  /npendix  IC  clearly  points  up  the  role  of  verti¬ 
cal  motions  in  sustaining  turbulence  and  the  critical  role  of  surface  roughness,  wind 
shear,  and  thermal  (or  density)  stability  in  turbulent  transfer  processes.  Because 
of  the  complexity  of  uie  interaction  ot  driving  forces  (pressure  gradients,  buoyancy) 
and  turbulence  generation  by  instabilities  of  fluid  flow,  obstacle  perturbations,  etc., 
present  knowledge  does  not  permit  a  clear  definition  of  how  one  might  significantly 
alter  either  the  scale  of  these  turbulence  elements  or  their  intensity.  Yet  it  is  well 
known  that  natural  variations  of  only  a  change  in  sign  of  the  vertical  lapse  rate  of 
temperature  have  a  profound  effect  upon  both  of  these  parameters  of  turbulence  and 
the  resultant  momentum  transfer  rates.  Modification  of  stability  bv  surface  modifi¬ 
cation  (albedo  or  direct  heating  and  cooling)  wi<l  have  an  effect,  but  more  research 
is  required  to  specify  the  extent  and  optimum  methods. 

3.4.5  Hurricanes 

Studies  of  the  description  and  dynamics  of  hurricanes  have  advanced  our 
knowledge  of  this  impoitant  phenomenon  steadily,  particularly  since  the  advent  of 
radar,  aircraft  surveillance  and  penetration.  Simultaneously,  developments  in  dynam¬ 
ical  and  statistical  prediction  techniques  have  also  made  possible  better  forecasts  of 
the  movements  and  developments  of  mature  hurricanes. 

The  greatest  lack  ol  knowledge,  and  the  most  significant  from  the  view¬ 
point  of  control  or  modification,  is  in  the  area  of  hurricane  formation.  As  pointed 
out  in  Appendix  G,  our  knowledge  here  only  permits  us  to  define  areas  where  hurri¬ 
canes  will  never  form.  But  early  detection  of  successful,  imminent  hurricane  forma 
tion  (so  necessary  to  successful  modification  in  this  crucial  period)  is  not  now  within 
our  means.  These  means  may  develop,  however,  and  the  real  possibility  for  preven¬ 
tion  of  hurricanes  by  interference  in  the  energy  transfers  and  organization  of  circu- 
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lations  in  the  formative  stagi  is  a  strong  motivation  for  continued  intensive  observa¬ 
tions  and  research.  (As  is  true  of  so  many  geophysical  processes  and  phenomena, 
one  may  reasonably  ask,  “If  we  shut  off  hurricanes,  what  other  mode  of  energy,  heat, 
and  material  (water  vapor)  transfer  will  imuu^  utilize — and  will  this  mode  be  more 
or  less  benign  than  hurricanes?’  At  present  we  can  only  defer  th's  as  a  second- 
generation  question!) 

Modification  of  hurricanes  by  interference  with  the  energy  sources, 
sinks  and  transfer  modes,  particularly  by  interference  in  the  condensation-evaporation 
processes,  is  feasible  but  at  present  of  uncertain  effect.  Similarly,  sea  surface  tem¬ 
perature  alterations,  by  heating,  cooling,,  or  mixing,  should  have  a  strong  effect  but 
are  technologically  and  logisticaliy  staggering  operations. 

It  would  appear  the  significant  modification  of  hurricanes  will  ulti¬ 
mately  be  within  man’s  capability  but  the  best  path  to  full  assessment  of  the  feasibility 
and  results  of  such  control  is  through  much-improved  mathematical  analogues  of  hur¬ 
ricane  dynamics  and  observational  studies  of  their  mascent  stage. 

3.4.6  Thunderstorms 

The  energy  budget  of  a  single  cell  convective  storm  has  been  described  by 
Braham  [3]  in  terms  ot  the  following  energy  sources  and  sinks. 

Energy  sources  are: 

(a)  the  released  heats  of  condensation  and  fusion, 

(b)  forces  of  gravity  acting  on  cold  air  in  the  downdraft  during  the  preci¬ 
pitation  stage  of  the  cloud. 

Energy  sinks  are: 

(a)  increases  in  internal  and  potential  energy  of  the  environment, 

(b)  energy  expended  in  lifting  water  particles, 

(c)  work  done  in  separating  electrical  charges  which  discharge  to  ground, 

(d)  friction. 

The  difference  in  energy  between  the  sources  and  sinks,  which  m  an  order 
of  magnitude  smaller  than  the  total  energy  involved  in  either  category,  appears  to  be 
very  sensitive  to  small  changes  in  temperature  lapse  rate  and  moisture  content  of 
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the  environment  air.  Slow,  large-scale  vertical  motions  are  also  likely  to  alter  pro¬ 
foundly  the  work  done  against  the  environment  by  a  convective  cell. 

Under  some  circumstances,  a  deficit  of  the  released  heats  of  condensa¬ 
tion  and  fusion  with  respect  to  the  energy  sinks  can  be  overcome  by  adding  an  amount 

of  sensible  heat.  Dessens  succeeded  in  triggering  a  shower  in  a  conditionally  unstable 

11  ,.42 

atmosphere  by  producing  9  X  lu  calories  over  an  area  of  25  10  m  in  30  minutes. 

Rapid  heating  or  forcing  the  air  to  rise  will  result  in  more  efficient  production  oi  con¬ 
vective  clouds  and  showers  than  slow  heating,  since  in  the  latter  case  the  convective 
condensation  level  will  be  much  higher  than  the  lifting  condensation  level  in  the  former. 

A  more  harmless  method  of  triggering  convection  may  Ip  to  cool  the  air 
in  a  low  level  inversion  layer  by  evaporating  water  into  it.  In  this  case,  the  atmos¬ 
phere  needs  to  be  potentially  unstable. 

The  amount  of  water  required  to  saturate  the  lowest  2.5  km  of  the  atmos¬ 
phere  over  an  area  of  2  km  diameter  in  a  maritime  tropical  air  mass  would  have  to 

3 

be  of  the  order  of  20  m  .  This  water  would  have  to  be  distributed  very  rapidly  over 
the  whole  volume  in  the  form  of  very  tiny  droplets. 

It  must  be  emphasized  that  these  consideration  serve  only  to  give  an 
order-of-magnitude  estimate  of  the  energies  necessary  to  trigger  the  development 
of  a  large  convective  cloud  in  conditionally  unstable  atmosphere.  The  dynamical 
implications  and  the  technical  problems  involved  in  starting  convective  circulations 
require  much  further  study. 

3.4.7  Lightning* 

The  possibility  of  manipulating  lightning  discharges  has  been  considered 
by  many  individuals.  Until  recently,  the  main  interest  was  speculative.  Several 
industrial  concerns,  notably  General  Electric  and  Westinghouse,  have  had  high- 
voltage  laboratories  for  the  study  of  protective  devices  for  switchgear  power  trans¬ 
mission  lines  and  related  materials. 

Within  fiv.  past  few  years,  three  different  efforts  have  been  organized  to 
determine  what,  if  anything,  could  be  done  to  modify  or  attract  lightning. 

*  Communication  from  Vincent  J.  Schaefer,  State  University  of  New  York,  Consultant. 
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Vonnegut,  Moure ,  and  Brook,  using  a  wire  carried  by  a  rochet ,  uttciuptcd 


to  “draw  down”  lightning  at  the  summit  of  Mt  Withington,  N.  M.  This  approach  was 
devised  after  it  was  tound  that  a  stable  conductor  carried  into  a  thunderstorm  would  not 
“attract”  lightning.  Rather,  it  was  found  (using  the  Van  de  Graaf  nigh- voltage  genera¬ 
tor  at  the  Boston  Museum  of  Natural  Science'  that  a  discharge  could  be  induced  only 
by  the  sudden  introduction  of  a  grounded  wire  into  the  neighborhood  of  a  highly  charged 
sphere.  Attempts  to  do  this  with  a  small  rocket  on  Me.  Withington  have  been  made  but 
have  been  frustrated  by  problems  related  to  unreeling  the  grounded  wire. 

Newman,  using  the  same  approach  but  on  shipboard,  claimed  success  at 
the  Montreux,  Switzerland,  meeting  last  spring.  The  papers  presented  at  this  meet¬ 
ing  are  soon  to  be  published  under  the  editorship  of  Sam  Coroniti  of  AVCO.  He  has 
a  mobile  laboratory  on  a  seagoing  vessel  and  has  mounted  a  very  ambitious  research 
program  centered  about  the  induction  of  natural  lightning. 

The  Forest  Fire  Laboratory  developed  a  field  station  at  Phillipsbur& , 
Montana,  to  study  the  possibility  of  modifying  thunderstorms  by  cloud  seeding.  To 
establish  statistically  significant  results,  four  airborne  silver  iodide  generators  fly 
below  clouds  moving  over  the  station’s  network,  seeding  or  not  seeding  the  ciouds  on 
a  randomized  pair-selection  basis.  Although  results  showing  statistical  significance 
have  not  been  established,  the  seeded  clouds  tend  to  show  less  cloud-to-ground  light¬ 
ning  than  the  unseeded  unit  of  the  pair. 

The  Nature  of  Ball  Lightning,  a  book  to  be  published  in  1964  by  the  Plenum 
Press,  available  from  Consultants  Bureau,  227  West  17th  Street,  New  York,  N.Y., 

10011,  may  have  interesting  information.  It  will  include  the  studies  of  Kapitsa, 

Barat  and  Yutkin  and  will  consider  the  speculations  “on  the  application  of  ball  light¬ 
ning  to  weapons,  nuclear  power,  etc.” 


12 


3.4,8  Air-mass  Formation  and  Cyclogenesis 

Much  of  the  larger  scale  “weather”  which  affects  man’s  activities,  such 
as  precipitation  and  cloudiness,  wind,  and  temperature  extremes  are  directly  associ¬ 
ated  with  the  formation,  movement  and  life  history  of  low-  and  high-pressure  areas. 
The  primary  role  of  these  migratory  pressure  centers  is  to  transport  heat  and  mois¬ 
ture  in  some  optimum  fashion  between  the  differentially  heated  equatorial  and  polar 
zones.  The  resultant  patterns  of  motion,  temperature  contrasts,  and  moisture  (water 
vapor)  produce  the  “weather”  phenomena  mentioned  previously. 

Analysis  of  the  energy  content  and  transfer,  the  dynamics  of  these  sys¬ 
tems  and  observational  summaries  of  land-water,  mountain  and  surface  effects  on 
preferred  regions  of  pressure  center  development  show  quickly  that  these  pressure 
centers  are  not  isolated,  closed  systems.  Rather,  they  are  interdependent,  constantly 
evolving  systems  which  must  be  treated  in  their  entirety,  i.e.,  on  a  global  or  at  least 
hemispheric  basis. 

Because  atmospheric  systems  are  generally  in  a  quasi -equilibrium  stage, 
major  effects  (insofar  as  cyclogenesis  is  concerned)  frequently  stem  from  what 
appear  to  be  minor  perturbations.  A  considerable  theory  has  been  built  on  this  con¬ 
cept  and  the  analyses  of  instabilities  for  small  perturbations  in  baroclinic  fluids. 

An  analysis  of  the  depender.ee  of  the  growth  of  cyclones  on  the  stability  and  motion 
stratification  of  a  large  volume  of  the  atmosphere,  and  the  inadequacies  of  present 
theories  of  baroclimc  instabilities,  preclude  any  definitive  promise  of  control  of  these 
processes  by  interference  at  a  logistically  and  economically  feasible  level  in  the  for¬ 
mative  stage  of  incipient  cyclones. 

Dr.  Sanders  and  Dr.  Cooley  also  point  out  the  considerable  freedom  nature 
exercises  in  her  choice  of  transfer  mechanisms  and  the  resultant  combinations  of 
motions,  only  some  cf  which  lead  to  classical  pressure-center  formations.  In  com¬ 
mon  witii  analysts  of  other  phenomena,  they,  also,  point  out  that  successful  interfer¬ 
ence  at  one  locality  or  level  may  induce  compensatory  developments  at  another 
level  or  place,  and  that  these  are  not  now  predictable. 
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Given  successful  research  on  the  ‘'triggering”  mechanisms  for  cyclonic 
development  (or  accelerated  air  -mass  modification)  and  understanding  of  the  sub¬ 
sequent  fluid  motion  developments,  the  feasibility  of  control  during  the  incipient 
stage  appears  probable.  Major  modification  of  well-developed  synoptic  scale  systems 
is  not  probable,  however. 

3.4.9  Clouds  and  Precipitation 

The  development  of  the  kinematics  of  clouds  and  precipitation  is  reported 
here  (see  Appendix  F)  as  the  basis  for  a  general  survey  of  the  probable  points  of 
interference  and  modification  in  the  natural  processes  of  cloud  and  precipitation 
phenomena.  Appendix  H  is,  in  turn,  a  survey  of  various  cloud  and  precipitation  modi¬ 
fication  techniques  which  have  been  proposed  and,  in  some  cases,  experimentally 
tested. 

Because  of  the  significant  and  all-pervading  influence  of  the  transport 
and  phase  changes  of  water  substance  in  the  atmosphere  and  in  the  hydrosphere, 
and  the  strong  consequences  of  precipitation,  attention  has  been  strongly  focused  on 
the  possibilities  of  significantly  altering  natural  cloud  formation  and  precipitation 
processes.  For  this  reason,  this  facet  of  geophysical  control  is  perhaps  more  advanced 
than  any  other.;  The  effects  of  local  seeding  of  supercooled  stratus  clouds  has  been 
clearly  demonstrated.  A  significant  increase  of  precipitation  in  selected  regions  by 
similar  techniques  appears  to  be  conclusively  demonstrated.  At  the  same  time,  how¬ 
ever,  more  general  control  capabilities,  such  as  thunderstorm  suppression,  wide- 
5  2 

area  (>  10  km  )  modification  of  precipitation,  etc.,  are  openly  disputed  and  must 
be  viewed  as  open  questions  of  feasibility  today. 

Dr.  Kessler’s  analysis  points  clearly  to  the  major  processes  of  cloud 
formation  and  precipitation  which  must  be  understood  and  which  provide  entices  to 
possible  control.  These  are: 

(a)  The  magnitude  and  areal  extent  of  the  vertical  motions  of  the  atmos- 


pnere, 


(b)  The  rate  of  condensation  of  water  vapor, 


(c)  The  size  distribution  of  cloud  droplets  and  their  dependence  on 
nuclear  and  condensation  rates, 

(d)  The  growth  of  cloud  or  initial  precipitation  elements  by  condensa¬ 
tion,  coagulation,  and  accretion. 

Interference  in  the  basic  vertical  velocity  patterns  and  the  moisture 
(vapor)  content  of  the  air  involve  large-scale  circulations  and  trajectories  discussed  in 
Section  3.4.8  and  Appendix  E.  If  attention  is  focused  on  the  micro-physical  parame¬ 
ters,  the  effects  of  altering  drop  size  (by  nuclei  control,  for  example)  and  cloud  con¬ 
version  and  accretion  rates  could  be  significant  on  several  scales.  For  example, 
precipitation  downwind  of  major  mountain  ranges  could  be  increased  (at  the  expense 
of  windward  precipitation).  Similarly,  successful  large  scale  modification  of  drop 
size  and  growth  characteristics  could  have  significant  effect  on  latitudinal  tempera¬ 
ture  structure  and  the  resultant  global  circulations. 

The  logistics  and  technological  feasibility  of  cloud  and  precipitation  modi¬ 
fication  on  the  micro-  and  meso-scale  are  well  within  the  state-of-the-art  today  when 
seeding  with  chemically  or  thermodynamically  active  materials  is  considered.  Signi¬ 
ficant  alterations  of  nuclei  or  active  agents  on  larger  (say,  continental)  scales  are  not 
so  obviously  feasible  and  depend  largely  on  better  understanding  of  the  critical  role  of 
these  agents  in  cloud  and  precipitation  processes.  With  these  reservations,  the  pro¬ 
spects  for  significant  control  appear  excellent. 

3.4.10  Visibility  and  Fog 

The  limiting  effect  on  visibility  of  suspended  particulates  or  droplets 
depends  upon  the  number  and  size  of  the  suspensoids,  the  wavelength  of  illumination, 
the  background  illumination,  and  response  and  resolution  of  the  eye  or  sensing  instru¬ 
ment.  Of  these,  the  primary  variables  subject  to  control  are  the  number  and  size  of 
the  suspensoids.  Various  methods  of  modifying  fog  droplet  concentrations  and  sizes 
have  been  proposed  and  the  feasibility  of  modifying  these  very  significantly,  in  a 
local  area  such  as  an  airport  runway,  has  been  confirmed.  Such  modification,  as  by 
heating,  hygroscopic  material,  or  freezing  nuclei  seed  (for  supercooled  fog)  is  gener¬ 
ally  costly  or  highly  restricted  in  application. 
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Attention  is  turned  here  to  another  technique;  i.e.,  clearing  by  accretion 
on  optimum-sized  artificial  spray  droplets.  The  analysis  of  this  technique  (Appendix 
I)  needs  experimental  verification,  but  it  appears  to  be  teclinologically  feasible,  from 
all  points  of  view  except  one.  This  exception  is  the  technology  of  spray  or  droplet 
production,  probably  through  relatively  high-capacity  nozzles. 

Further  development  of  systems  ior  temporary  improvement  of  visibility 
over  areas  the  size  of  approach  zones  and  carrier  or  land-based  runways  appears 
to  hold  significant  potential  for  operational  usefulness. 

The  reduction  of  visibility  near  the  surface  by  artificial  means  has  long 
been  an  operational  capability.  Artificially  generated  aerosols  are  customarily 
employed  and  appear  to  offer  advantages  in  terms  of  availability  and  relative  insen¬ 
sitivity  to  atmospheric  conditions. 

3.4.11  Boundary  Layer  Winds 

The  variability  of  wind  velocity  profiles  with  height,  in  the  zone  from  the 
surface  to  the  gradient  wind  level  (1500-2500  ft)  has  been  studied  extensively  for 
several  decades.  Interest  in  this  phenomenon  stems  primarily  from  the  role  such 
shear  zone  (and  the  turbulent  exchange  it  represents)  plays  in  the  vertical  trans¬ 
fer  of  memeutum,  heat,  and  water  vapor  between  the  earth’s  surface  (including  the 
oceans)  and  the  atmosphere .  Interest  is  also  generated  by  the  operational  conse¬ 
quences  of  wind  shear  and  turbulence,  including  hazards  to  aircraft  and  the  disper¬ 
sion  of  extraneous  materials. 

The  systematic  analyses  of  mechanisms  of  transfer  of  momentum  and 

the  energy  storage  and  transfer  rates  in  Appendix  J  lead  to  the  conclusion  that 

direct  interference  in  the  larger-scale  pressure  gradients  which  drive  these  winds 

is  feasible  only  to  the  extent  large-scale  pressure  systems  can  be  modified  (see 

Section  3.4.8).  Similarly,  “brute  force”  interference  in  the  turbulent  energy  content 

(and  thereby  the  diffusivity)  of  the  boundary  layer  by  heating  is  largely  unfeasible 

4  5 

due  to  large  energy  source  and  expenditure  requirements  (10  to  10  tons  of  coal 
2 

per  km  per  3  hr). 
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Indirect  interference  by  way  of  i  modification  of  the  surface  heat  capacity 


or  reflectivity,  or  by  warming  or  cooling  of  the  atmosphere  near  the  top  of  the  bound¬ 
ary  layer  may  be  feasible.  These  modifications  of  stability  are  particularly  crucial 
in  vertical  exchange  processes  and  are  achieved  at  much  smaller  expenditures  of 
energy.  Alterations  of  surface  albedo  appear  most  promising  but  require  quantitative 
testing  for  further  information  on  their  effectiveness  and  their  secondary  effects  or 
on  alternative  modes  of  momentum  exchange  which  the  atmosphere  might  utilize. 

3.4.12  Ionospheric  Phenomena 

For  the  purposes  of  the  present  study,  attention  has  been  focused  on 
photoluminescence  and  partially  self-regenerative  chemical  reactions  which  might 
be  initiated  at  will.  Professor  Paul  Harteck,  R.P.I.,  contributed  these  concepts  and 
analyses,  included  in  Appendix  L.  The  earlier  intention  of  exploring  modification  of 
the  electrical  charge  density  and  distribution  in  the  ionosphere  was  suppressed  when 
we  learned,  in  consultation  with  Professor  John  C.  Johnson,  Worcester  Polytechnic 
Institute,  that  a  very  substantial  effort  is  underway  in  the  U.S.  Air  Force  and  that 
our  analyses  would  be  redundant. 

The  existence  of  the  chemosphere  and  man’s  ability  to  trigger  light- 
producing  chemical  reactions  by  introduction  of  materials  into  this  region  has  been 
known  for  at  least  eight  years.  The  major  concern  here  is  the  control  of  intensity 
and  duration  which  might  be  achieved  by  the  use  of  various  materials,  introduced 
into  the  chemosphere  over  a  sizeable  area.  Among  the  materials  which  produce 
suitable  photon  emissions  in  the  visible  portion  of  the  spectrum,  and  are  partially 
regenerative,  is  aluminum  (A1[CH  ]  is  a  particularly  suitable  form).  Professor 

O  O 

Harteck’s  estimates  indicate  that,  conservatively,  7.2  tons  of  A1[CH  ]  spread  uni- 

42  6  6 

formly  over  an  area  of  10  km  could  produce  several  hours  of  illumination  at  ten 

times  the  intensity  of  moonlight. 

The  logistics  of  delivery  of  this  much  material  to  altitudes  around  120 
km  by  suborbital,  rocket-propelled  vehicles  appears  to  be  well  within  the  state  of 
the  art. 


3.4.  IS _ Ozone* 


The  presence  of  a  zone  of  ozone  within  the  24-26  km  level  is  well  estab¬ 
lished  and  has  been  the  subject  of  extensive  studies  for  many  years.  A  currently 
operating  network  of  sounding  stations  makes  weekly  ozonesonde  ascents.  One  of 
these  stations  is  at  Colorado  State  University.  These  soundings  utilize  the  Regener 
chemiluminescent  ozone  detector,  which  seems  to  be  quite  reliable. 

In  addition  to  the  maximum  concentration  that  occurs  in  the  stratosphere, 
a  secondary  peak  has  been  found  in  the  region  of  10-15  km.  This  at  times  may  be  of 
sufficient  concentration  to  pose  problems  for  passengers  on  jet  transports.  The 
problem  may  become  more  serious  in  the  supersonic  jets,  since  it  may  be  necessary 
for  them  to  fly  in  the  higher  ozone  region. 

Dr.  Regener’s  program  at  the  University  of  New  Mexico,  Albuquerque, 
makes  routine  observations  and  comparative  studies. 

Kofsky  has  given  consideration  to  the  effects  that  might  occur  at  the 
earth’s  surface  if  the  natural  ozone  layer  is  disrupted  by  the  production  of  ultraviolet 
photons  emitted  from  a  nuclear  burst  [4]. 

The  conclusion  reached  in  this  study  is  that  the  ozone  in  the  10-40  km 
(level)  reforms  so  rapidly  that  only  a  negligible  addition  of  ultraviolet  from  the  sun 
would  reach  the  earth  under  clear  sky  conditions.  At  higher  levels,  however,  the 
0„  does  not  reform  for  several  hours .  The  concentration  at  these  higher  levels  is 

O 

not  of  much  consequence  except  for  the  role  it  might  play  in  producing  air  glow  if 
this  is  caused  by  the  reaction  of  ozone  and  hydrogen  atoms. 

3.4.14  Electromagnetic  Propagation 

In  traversing  the  atmosphere,  electromagnetic  energy  is  subject  to 
absorption  and  scattering  due  to  pressure,  temperature  and  humidity  variations  in 
the  atmosphere.  In  addition,  atmospheric  gases  also  emit  electromagnetic  energy 
in  selected  wavelengths .  The  primary  atmospheric  variables  are: 

*  Communication  from  Vincent  J.  Schaefer,  Consultant. 


(a)  Particulates  or  droplets  (size  and  number) , 

(b)  Water  vapor  distribution,  • 

(c)  Temperature  distribution, 

(d)  Density  of  gases  (atmospheric) . 

In  addition,  there  is  a  strong  dependence,  insofar  as  attenuation  and  scattering  are 
concerned,  on  the  wavelengths  of  the  electromagnetic  energy  itself.  Ability  to  alter 
significantly  the  propagation  of  electromagnetic  energy,  given  the  source  wavelength 
and  intensity,  depends  upon  ability  to  alter  the  gaseous  constituents  of  the  atmosphere, 
the  density  of  water,  the  temperature  distribution  and  the  concentration,  size  and 
distribution  of  particulates  or  droplets. 

The  volumes  of  the  atmosphere  which  must  be  subjected  to  such  altera¬ 
tions  depend  upon  the  range  of  propagation  to  be  affected  and  the  discontinuities  or 
steepness  of  gradients  which  can  be  induced.  Generally  speaking,  however,  these 
volumes  are  large  and  techniques  such  as  addition  of  water  vapor  or  particulates, 
or  large-volume  heating  and  cooling,  are  technologically  infeasible.  More  subtle 
alterations  due  to  cloud  seeding  (for  droplet  production),  surface  albedo  changes, 
and  evaporation  suppression  or  enhancement  will,  if  successful,  have  an  effect  in 
this  area,  also. 

3.4.15  Surface  Waves 

The  generation  of  surface  waves  on  the  oceans  is  related  to  the  momentum 
transfer  between  the  atmosphere  and  the  ocean  and  the  temporal  growth  and  stability 
of  surface  waves  under  prolonged  and  varying  momentum  transfer  rates.  The  major 
energy  source  for  wave  development  is,  of  course,  the  large-scale  wind  systems 
considered  in  Section  3.4.8.  Interference  or  modification  on  this  scale  is  not  feasible. 

The  momentum  transfer  mechanisms,  or  eddy-diffusivity  coupling  be¬ 
tween  the  atmosphere  and  the  ocean,  do  offer  two  potentially  feasible  means  of  con¬ 
trol  or  modification  on  the  length  scale  from  tens  to  thousands  of  meters.  The 
first  of  these  is  through  surface-tension  modification.  Oil  slicks  or  other  near- 
monomolecular  films,  less  dense  than  sea  water  and  having  the  important  property 
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of  increased  surface  tension  with  increased  lateral  deformation  (stretching),  are 
selectively  effective  for  damping  small-scale  waves.  Since  the  momentum  transfer 
to  the  sea  surface  depends  upon  the  slope  of  the  waves,  and  this  slope  is  greatest 
tor  short  wavelengths,  the  slick  partially  decouples  the  atmosphere  and  ocean, 
reducing  the  wave  build-up  rate. 

Similarly,  debris  (logs,  mud,  ice)  dissipates  the  orbital  wave  motion 
and  suppresses  wave  height.  Slicks  and  debris  appear  to  be  feasible  methods  of 
altering  local  wave  generation  and  moderate-to-small  waves  significantly.  Neither 
is  apt  to  be  effective  in  a  fully  developed  sea,  generated  over  long  (and  uncontroll¬ 
able)  wind  fetches . 

An  indirect  method  of  control,  found  in  common  with  other  phenomena 
involving  turbulent  transfer  processes,  is  limitation  of  the  vertical  turbulent  energy- 
transfer  rate  in  the  atmospheric  boundary  layer.  In  the  present  context,  large-area 
surface  temperature  and  heat  storage  capable  of  modifying  the  thermal  stability  of 
the  surface  layers  of  the  atmosphere  could  significantly  alter  surface  wave  forma¬ 
tion.  Feasible  methods  for  accomplishing  this  are  not  now  known  but  may  appear  out 
of  future  research. 

3.4.16  Internal  Waves 

A  summary  of  existing  knowledge  of  the  structure  of  internal  waves,  the 
forces  that  are  believed  to  generate  them,  and  their  dependence  on  density  discon¬ 
tinuities  or  gradients,  ocean  depth,  and  ocean  bottom  slope  is  presented  in  Appendix 
P.  The  operational  implications  of  relatively  slow  moving  (0.1-4  knot)  waves  with 
amplitudes  of  up  to  the  order  of  100  ft  and  widely  varying  wavelengths  are  pointed 
out,  but  the  lack  of  systematic  observational  data,  and  realistic  theoretical  models 
tested  against  such  data,  preclude  quantitative  assessment  of  the  energy  budgets  and 
dynamics  of  such  systems.  Areas  of  potentially  fruitful  research  are  delineated, 
with  emphasis  on  the  need  for  adequate  quantitative  measurements  under  varying  con¬ 
ditions  of  tidal  and  surface-wind  stresses,  barometric  pressure,  ocean  depth,  and 
bottom  contouring. 


3.4.17  Surface  Currents 


Surface  ocean  currents  are  a  permanent  large-scale  feature  of 

the  world’s  oceans  and  are  driven  by  the  stress  of  the  large-scale  atmospneric 

wind  field.  Extending  over  a  few  hundred  meters’  depth,  the  surface  currents’ 
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kinetic  energy  totals  approximately  10  cal,  with  energy  transfers  of  the  order 
12  -1 

of  10  cal  sec  to  the  kinetic  energy  of  internal  currents.  Energy  dissipation 

12 

by  internal  eddy  viscosity  and  by  bottom  friction  are  also  of  the  order  of  10 
cal  sec  \  Unestimated  are  the  possibly  significant  energy  transfers  between 
both  surface  and  internal  waves. 

Direct  modification  of  surface  ocean  currents  is  not  feasible,  and 
indirect  modification  by  alteration  of  the  surface  stress  or  change  of  water 
depth  or  boundary  configuration  is  feasible  only  on  a  local  (and  transitory) 
basis.  Large-scale  stress  or  topographic  modification  appears  unfeasible  not 
only  from  an  energetic  viewpoint,  but  also  because  it  would  doubtless  have 
unforeseen  results  on  both  the  oceanic  and  atmospheric  circulation.  Much 
further  research  is  needed  on  the  general  problem  of  sea-air  interaction  and 
on  oceanic  dynamics  before  even  an  estimate  of  these  effects  could  be  made. 

3.4.18  Internal  Ocean  Currents 

The  internal  ocean  currents  consist  mainly  of  the  thermohaline 

circulation  driven  by  the  large-scale  distribution  of  the  heat  balance  and 

evaporation-precipitation  regime  at  the  sea  surface .  We  may  also  include  the 

system  of  equatorial  undercurrents,  although  these  appear  to  be  more  closely 

related  to  the  surface  stress.  The  internal  currents  characteristically  occupy 

the  full  depth  of  the  ocean,  and  are  a  purely  internal  mode  of  motion.  Their  total 
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energy,  both  potential  and  kinetic,  is  of  the  order  of  10  cal,  with  the  most 

12  -1 

significant  energy  transformations  of  the  order  of  10 '  cal  sec  for  diffusive 

9  -1 

dissipation  into  smaller-scale  motion  and  10  cal  sec  for  losses  through 

bottom  friction.  These  currents  derive  their  energy  from  the  surface  ocean 

12  -1 

layer  at  a  rate  of  approximately  10  cal  sec  ,  with  an  estimate  of  nearly  the 
same  order  for  the  energy  addition  by  geothermal  heating  at  the  ocean  bottom. 


Direct  modification  of  the  oceanic  internal  currents  is  not  considered 
feasible  in  view  of  the  large  amounts  of  energy  involved,  the  large  scale  on  which 


the  phenomena  is  organized,  and  the  uncertainty  of  correctly  indicating  the  full 

effects  of  any  proposed  modification.  The  time  scale  or  characteristic  response 

2  3 

time  of  the  ocean’s  internal  currents  is  of  the  order  of  10“-10  years;  presumably 
any  interference  would  have  to  be  applied  for  an  appreciable  fraction  of  this  period 
in  order  to  be  effective.  Much  further  research  on  the  reaction  of  the  internal 
ocean  currents  to  the  conditions  of  stress,  temperature  and  water  balance  at  the 
sea  surface  is  needed  in  order  to  assess  adequately  the  possibilities  of  ultimate 
modification  and/or  control. 

3.4.19  Tsunami 

The  esunami  or  seismic  sea  wave  is  a  relatively  rare  oceanic  phenomenon 
caused  by  a  submarine  volcanic  eruption,  an  underwater  landslide  or  earthquake,  or 
a  sufficiently  large  underwater  explosion.  The  tsunami  wave  travels  at  about  500 
mph  along  the  sea  surface,  outward  from  the  source  area,  with  the  ocean  bottom 
topography  serving  to  refract  or  focus  the  wave  ray  paths.  Upon  moving  into  shal¬ 
low  (coastal)  water,  the  waves’  large  speed  causes  a  sudden  increase  in  amplitude, 

which  strikes  the  coast  as  the  familiar  “tidal  wave’’.  The  total  energy  of  the  larger 
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tsunami  wave  train  is  of  the  order  of  10  cal,  with  most  of  this  energy  being  dis¬ 
sipated  in  coastal  waves  and  surf. 

Modification  of  the  natural  tsunami  itself  does  not  appear  feasible, 
although  certain  measures  may  obviously  be  taken  to  reduce  the  damage  of  the 
tsunami’s  coastal  waves.  The  erection  of  off-shore  breakwater  or  submarine 
barriers  may  greatly  reduce  the  shore  wave  heights,  or  at  least  cause  their  effective 
dissipation  in  preassigned  areas.  The  creation  of  tsunami  by  underwater  nuclear 
explosions  is  feasible,  and  the  general  course  of  such  tsunami  may  be  estimated 
from  a  knowledge  of  the  submarine  topography.  By  suitable  selection  of  an  explo¬ 
sion  site,  focusing  of  tsunami  waves  only  on  an  exposed  shore  appears  feasible, 
although  the  detailed  configuration  of  the  water  depths  immediately  off  shore 
evidently  causes  large  variations  In  wave  heights  along  neighboring  shore  loca¬ 
tions.  More  detailed  studies  on  the  transmission  and  dissipation  of  long  ocean 
surface  waves  in  the  tsunami  energy  range  are  required  before  a  locally  significant 
degree  of  tsunami  wave  predictability  is  possible. 
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3.4.2 0  Oceanic  V ortices  and  Turbulence 


The  oceans  display  a  broad  spectrum  of  behavior,  ranging  from  the 
organized  circulations  on  the  scale  of  the  ocean  basins  themselves  to  the  fine- 
grain  turbulence  produced  by  surface  and  internal  wave  motions.  Some  o'  these 
phenomena  display  an  individual  coherence  or  life-cycle  over  long  periods  of 
time,  while  others  apparently  serve  as  eddies  transmitting  energy  to  other  por¬ 
tions  of  the  spectrum.  The  to.al  energy  of  the  oceanic  motion  spectrum  may  be 
19 

estimated  as  10  cal;  moreover,  there  appears  to  be  an  overall  energy  dis'ribu- 

tion  roughly  according  to  vortex  size,  with  the  largest-scaie  motions  possessing 

approximately  100-fold  more  energy  than  the  smallest  significant  vortex  scales. 

12  -1 

Total  or  net  dissipation  may  be  estimated  as  10  cal  sec  ,  with  the  energy 

cascade  within  the  oceanic  vortex  spectrum  corresponding  to  eddy  diffusion 

coefficients  ranging  from  10'*’°  cm2  sec  1  (for  the  largest  scales)  to  the  order 
2  -1 

1-10  cm  sec  (for  surface  wave  eddies). 

Modification  or  control  of  oceanic  vortex  phenomena  is  in  general 
not  considered  feasible.  There  is  apparently  a  continuous  energy  flux  among 
the  various  scales  of  phenomena  and  alteration  on  a  specific  scale  could  conceiv¬ 
ably  alter  other  scales  as  much  as  the  scale  over  which  control  was  intended. 

Local  or  small-scale  modification  of  current  eddies  by  barrier  erection,  surface 
wave  control  by  stress  reduction,  and  modification  of  vertical  overturning  by 
interference  with  the  density  structure  of  the  surface  ocean  layer  are  possible 
modification  measures  whose  limited  application  would  probably  not  seriously 
interfere  with  the  overall  oceanic  energy  budget  for  the  larger  scales  of  motion, 
although  undesired  effects  may  arise  on  the  yet  smaller  scales  of  turbulence. 

3,5  Technological  and  Logistic  Considerations  in  the  Modification  of  Geophysical 
Phenomena 

The  preceding  reviews  and  the  more  complete  analyses  presented  in 
Appendices  E  to  V  tend  to  show  in  isolated  ways  the  order  of  magnitude  of  the 
dynamics,  energetics  and  kinematics  of  geophysical  phenomena.  In  order  to  bring 
these  into  better  perspective,  we  may  select  a  few  for  more  detailed  consideration. 
Figure  3-1  summarizes  the  area  vs.  energy  content  of  six  phenomena, 
thunderstorms,  hurricanes,  tsunami,  cyclones,  surface  waves  (oceans),  and  ocean 
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currents.  For  comparison, the  total  world’s  electrical  energy  production  for 

1962  and  the  area  of  the  world  are  indicated  on  the  appropriate  ordinates. 

In  Fig.  3-2,  estimates  of  the  energy  dissipation  rates  for  the  same 

phenomena  are  plotted  vs.  energy  content. 

Recognizing  that  the  estimates  of  quantities  plotted  in  Figs.  3.-1  and 

3-2  may  be  subject  to  considerable  uncertainty,  they  are  still  sufficiently  well 

known  to  permit  several  judgments.  The  first  of  these,  and  hardly  a  new  one, 

is  that  brute  force  manipulation  of  major  atmospheric  and  oceanographic 

phenomena  by  controlled  expenditure  of  energy  is  not  now  and  may  very  well 

never  be  within  the  capability  of  man. 

Take,  for  example,  cyclones.  This  phenomenon  typically  represents 
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an  organization  of  energy  (kinetic,  potential  and  internal)  of  the  order  of  10 

6  2 

cal  over  an  area  of  10  km  .  This  phenomenon  is  dissipating  energy  at  a  rate 
1000  Limes  the  world’s  electrical  energy  production  rate  in  1962  (or  at  the  rate 
of  one  nominal  atomic  bomb  detonation  per  ten  seconds).  Figuie  3-2  also  indi¬ 
cates  that,  if  the  energy  source  driving  a  cyclone  were  abruptly  cut  off  and  the 
dissipation  rate  were  unaltered  as  the  cyclone  “died”,  it  would  last  for  approxi¬ 
mately  twenty  minutes.  The  typical  life  time  of  a  cyclone  is  about  seven  days, 
a  measure  of  the  time  period  over  which  the  organization  of  energy  input  is 
maintained  by  nature. 

Similar  comparisons  may  be  made  for  ocean  currents,  surface  waves, 

hurricanes  and  tsunami.  However,  isolated  thunderstorms  admit  of  the  possibility 

of  direct  energetic  interference.  The  area  of  organized  motions  and  energy  is 
2 

small  (2-20  km  ),  the  total  energy  content  is  one-tenth  the  energy  of  a  nominal 
nuclear  detonation,  and  the  period  of  time  over  which  energy  input  must  be 
maintained  against  dissipative  forces  is  brief.  From  these  results,  we  may 
again  conclude  modification  and  control,  perhaps  even  generation  of  thunder¬ 
storms,  is  or  will  be  within  the  realm  of  technological  feasibility,  albeit  at  a 
substantial  price.  For  example,  a  thunderstorm  “uses”  the  equivalent  of  approxi- 
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mately  10  kwh  of  electrical  energy.  At  5  mills  per  kwh,  this  is  half  a  million 
dollars.  [This  illustration  of  brute  force,  i.e.,  providing  all  of  the  energy,  differs 
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strongly  from  the  “triggering”  of  iatent  energy  as  tried  by  Desseas  (see  Appendix 

F).] 

3.5.1  The  Subtleties  of  Modification  of  Geophysical  Phenomena 

If  we  conclude  from  the  foregoing  evidence  that  direct  interference 
with  major  oceanographic  and  atmospheric  phenomena  and  processes  is  beyond 
human  resources,  we  must  return  to  the  basic  concept  that  successful  control 
or  modification  will  depend  upon  more  subtle  control  of  the  distribution  and 
utilization  of  naturally  available  energy  sources.  The  diminution  of  turbulent 
flux  rates  for  (say)  water  vapor  by  expenditure  of  modest  amounts  of  energy  to 
control  the  hydrostatic  stability  of  the  lower  atmosphere,  local  or  large-scale 
alteration  of  condensation  or  freezing  nuclei,  suppression  of  evaporation  by 
artificial  films,  construction  of  dams  to  prevent  exchange  of  water  of  varying 
degrees  of  salinity  and  temperature,  these  and  many  other  ways  represent  the 
subtleties  of  interference  and  direction  of  the  internal  workings  of  the  atmos¬ 
phere  and  oceans. 

A  detailed  review  of  all  these  methods  which  have  been  suggested, 
including  the  economic,  technological,  and  logistic  aspects,  is  beyond  the  scope 
of  the  present  analysis.  Several  of  these  are  mentioned  in  the  geophysical 
analyses,  and  the  detailed  analyses  of  selected  methods  is  anticipated  in  future 
work.  For  the  present,  we  must  conclude  that  the  only  real  hope  for  significant 
control  resides  in  these  manipulative  techniques. 

Finally  we  must  reiterate  that  the  very  complexity  and  size  of  inter¬ 
related  geophysical  phenomena  calls  for  much  more  complete  understanding  of 
their  natural  workings  and  the  alternatives  by  which  nature  may  accomp’lsh 
her  basic  task  of  maintaining  long-term  equilibrium  of  energy  exchange  between 
the  polar  ;nd  equatorial  regions  in  the  presence  of  their  differential  energy 
receipt  fiom  the  sun. 


Analysis  of  geophysical  phenomena, 
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PREDICTION  OF  GEOPHYSICAL  FACTORS 

4.1  Introduction 

There  seem  to  be  two  principal  aspects  of  the  prediction  of  geophysical 
factors  which  require  particular  attention  in  this  study.  First,  we  are  obviously 
concerned  with  the  state  of  the  art,  i.e.,  with  our  ability  to  predict  various  geo¬ 
physical  factors,  both  at  present  and  in  the  foreseeable  future;  a  survey  of  this 
state  of  the  art  consists  of  a  screening  process  wherein  various  geophysical 
factors  are  identified  as  elegible  candidates  for  further  consideration  in  relation 
to  military  operations.  The  second  aspect  is  much  more  subtle,  concerns  the 
very  nature  of  a  forecast,  and  must  be  considered  pricr  to  developing  an  adequate 
mathematical  or  conceptual  formalism  within  which  the  relationship  oi  forecasts 
to  military  operations  can  be  viewed  and  assessed.  There  is  a  common  miscon¬ 
ception  among  both  laymen  and  professionals  that  a  forecast  must  be  either 
“right”  or  “wrong.”  The  notion  is  not  only  incorrect  but,  more  seriously,  reflects 
an  erroneous  conception  of  what  a  forecast  is  and,  in  consequence,  what  its 
properties  may  be.  In  order  that  this  be  clarified  and  an  adequate  understanding 
of  the  probabilistic  nature  of  a  forecast  be  developed,  this  second  aspect  is 
discussed  first.  Then,  within  this  framework,  an  assessment  of  the  predictability 
of  geophysical  factors  will  be  made,  and  the  possible  impact  of  future  develop¬ 
ments  will  be  considered.  The  results  will  provide  an  input  to  the  consideration 
of  military  exploitation  of  prediction  discussed  in  Sections  5.0  and  6.0. 

4.2  The  Nature  of  Geophysical  Prediction* 

A  prediction  of  a  geophysical  phenomenon  is  sometimes  a  simple  statement 
that  a  specific  event  will  or  will  not  occur  during  a  specific  time  interval  in  the 
future;  for  example,  “There  will  be  a  thunderstorm  in  Washington  this  afternoon,” 
or  “There  will  be  a  volcanic  eruption  in  Hawaii  next  month.”  We  shall  refer  to 
any  statement  of  this  sort  as  a  simple  prediction. 

Often  a  prediction  is  a  statement  of  a  numerical  value  of  some  variable 
quantity.  Such  a  statement  is  equivalent  to  a  combination  of  simple  predictions, 
if  the  term  “event”  is  interpreted  liberally.  For  example,  if  the  occurrence  of 
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a  wind  speed  of  45  knots  is  one  event,  and  the  occurrence  of  a  wind  speed  of  46 
knots  is  a  second  event,  the  statement,  “Tomorrow’s  maximum  wind  speed 
will  be  45  knots,”  is  equivalent  to  the  two  simple  predictions  that  the  first  event 
will  occur  tomorrow  and  the  second  will  not. 

Whether  an  anticipated  event  will  actually  occur  or  not  depends  upon  how 
the  state  of  some  physical  system  will  develop  from  the  present  state,  in 
accordance  with  governing  physical  laws.  In  the  strictest  sense,  the  relevant 
physical  system  is  the  whole  universe.  However,  the  effect  of  all  but  a  small 
portion  of  the  universe  upon  most  geophysical  phenomena  is  insignificant.  Even 
the  sun  may  be  eliminated  from  the  system  whose  development  needs  to  be  con¬ 
sidered,  and  the  solar  constant  may  be  treated  as  part  of  the  governing  physics, 
if  variations  of  the  solar  output  do  not  significantly  affect  the  phenomenon  in 
question.  Thus,  for  example,  in  predicting  a  thunderstorm  for  the  coming  after¬ 
noon,  the  relevant  system  is  essentially  the  portion  of  the  atmosphere  and  the 
underlying  land  or  water  surface  within  a  few  hundred  miles  of  the  location  in 
question. 

The  easiest  way  to  determine  whether  a  specific  event  will  occur  during 
a  specific  future  time  interval  is  to  wait  and  see;  a  procedure  which  unfortunately 
is  quite  impractical  for  the  purpose  of  obtaining  an  answer  in  advance.  Never¬ 
theless,  many  of  the  most  practical  methods  of  prediction  may  be  regarded  as 
attempts  to  duplicate  the  wait-and-see  procedure  in  its  essentials,  while 
modifying  it  enough  to  make  it  yield  an  answer  before  the  occurrence  or  non¬ 
occurrence  of  the  event.  Predictions  by  these  methods  are  based  upon  the  develop¬ 
ment  of  analogous  physical  systems,  from  initial  states  analogous  to  the  present 
state. 

One  method  consists  of  letting  the  physical  system  be  its  own  analogue. 

An  analogous  initial  state  is  obtained  by  searching  the  records  of  the  past 
behavior  of  the  system.  The  anticipated  event  is  then  predicted  to  occur,  or  not 
to  occur,  according  to  whether  or  not  it  occurred  in  the  analogous  situation. 

When  the  relevant  physical  system  is  restricted  in  size,  there  is  the 
additional  possibility  of  finding  other  real  geophysical  systems  as  analogues. 
Sometimes  a  simple  translation  in  space  of  the  original  system  will  serve  as  a 
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substitute  system;  thus,  for  example,  the  prediction  of  thunderstorms  in  the 
Washington  area  should  be  aided  by  studies  of  thunderstorms  in  the  New  York 
area.  The  chances  of  finding  suitable  initial  conditions  in  the  recorded  history 
are  thereby  considerabfy  improved. 

Instead  of  using  real  systems  as  analogues,  one  may  construct  artificial 
systems  which  are  believed  to  behave  like  the  real  geophysical  system.  These 
artificial  systems  may  be  laboratory  models.  In  this  case  the  model  will 
probably  be  much  smaller  than  the  real  system,  and  its  state  may  evolve  much 
more  rapidly.  When  the  appropriate  initial  conditions  are  introduced  into  the 
model,  the  prediction  may  be  obtained  well  in  advance  of  the  event.  Considerable 
success  has  been  ootained,  for  example,  in  the  prediction  of  floods,  with  the  aid 
of  laboratory  models  of  river  basins. 

An  artificial  system  need  not  be  as  realistic  as  a  model  river  basin.  It 
is  well  known,  for  example,  that  the  behavior  of  certain  mechanical  systems  may 
be  approximated  by  that  of  certain  electrical  systems,  whose  governing  equations 
are  similar  in  form.  Probably  the  most  widely  used  artificial  systems  are  systems 
of  mathematical  equations,  to  be  solved  by  high-speed  computers.  If  the  equations 
are  made  sufficiently  simple,  while  still  retaining  a  fairly  close  resemblance  to 
the  equations  which  govern  the  real  system,  the  appropriate  initial  conditions  may 
be  introduced  in  numerical  form,  and  a  prediction  may  again  be  obtained  in  advance 
of  the  event.  A  large  share  of  the  recent  research  in  weather  forecasting  has 
been  devoted  to  the  solution  of  dynamic  equations  by  numerical  processes. 

One  important  class  of  prediction  methods  is  peculiar  in  that  the  methods 
do  not  represent  attempts  to  duplicate  the  wait-and-see  procedure.  These 
methods  include  linear  regression  and  discriminant  analysis  [5].  They  are  related 
to  the  methods  which  we  first  discussed,  in  that  they  are  based  upon  the  past 
behavior  of  a  real  geophysical  system.  However,  the  coefficients  in  the  derived 
prediction  formulas  are  statistics  computed  from  large  numbers  of  states  of  the 
system,  most  of  which  bear  little  or  no  resemblance  to  the  actual  present  .state. 

The  physical  basis  for  these  methods  is  therefore  somewhat  in  doubt,  even  though 
they  seem  to  be  on  firm  ground  mathematically.  Attempts  to  fit  the  data  to  non¬ 
linear  formulas  of  a  prechosen  form  also  fall  into  this  class  of  methods. 
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AH  of  those  procedures,  except  the  welt— unci- see  procedure  itself,  reoulre 
that  we  observe  the  present  state  of  the  relevant  system.  Such  observations  are 
ordinarily  subject  to  some  error,  as  well  as  incompleteness,  so  that  generally  the 
most  we  can  do  is  to  specify  a  collection  of  possible  present  states,  each 
possessing  a  certain  probability  of  being  correct.  If  some  but  not  all  of  these 
states  lead  to  the  occurrence  of  a  certain  e/ent,  we  can  specify  a  certain  probability, 
other  than  0  or  1,  that  the  event  will  occur.  This  probability  will  depend  upon  the 
precision  with  which  we  have  observed  the  present  state.  A  statement  of  the 
probability  of  occurrence  of  a  specific  event,  as  opposed  to  a  statement  that  the 
event  will,  or  will  not,  occur,  will  be  called  a  probability  prediction. 

Unless  the  prediction  procedure  makes  use  of  the  physical  system  as  its 
own  analogue,  there  is  further  uncertainty  involved  in  the  choice  of  an  analogous 
sy  item.  The  probability  of  occurrence  of  an  event  will  the  be  further  affected. 

Thus,  in  general,  the  stated  probability  in  a  probability  prediction  will  depend 
upon  the  prediction  method  used. 

It  is  interesting  to  consider  the  intrinsic  probability  of  occurrence  of  an  event , 
as  opposed  to  the  probability  conditioned  by  our  own  capabilities.  Any  intrinsic 
probability  other  than  0  or  1  would  imply  that  the  relevant  system  is  not  determin¬ 
istic.  Conversely,  if  a  system  is  not  deterministic,  at  least  one  event  characteristic 
of  the  system  has  a  probability  other  than  0  or  1,  although  some  other  event  may 
have  probability  0  or  1.  We  shall  not  try  to  settle  the  philosophical  question  of 
determinism;  suffice  it  to  say  that  many  geophysical  systems  are  influenced  to 
some  extent  by  human  activity,  and  any  assumption  that  these  systems  are  deter- 
ministric  would  imply  that  human  activity  is  deterministic. 

In  a  sense,  a  probability  prediction  is  more  realistic  than  a  simple  prediction, 
since  our  prediction  methods  do  not  in  general  allow  us  to  state  with  certainty 
whether  a  given  event  will  occur.  A  probability  of  0  or  1  implies  a  virtual 
impossibility  or  a  virtual  certainty,  ar.d  the  event  is  completely  predictable.  A 
probability  equal  to  the  a  priori  probability  of  the  event,  i.e.,  to  the  probability 
that  a  randomly  chosen  initial  state  will  lead  to  the  event,  indicates  that  the  event 
is  completely  unpredictable.  All  other  possibilities  lie  between  these  extremes. 
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Thus  the  predictability  of  any  event  is  related  to  the  probability  of  occurrence 
of  the  event.  It  follows  that  the  predictability  is  dependent  upon  the  method  of 
prediction.  An  event  also  has  an  intrinsic  predictability,  related  to  its  intrinsic 
probability  of  occurrence,  but  this  intrinsic  predictability  is  of  somewhat  academic 
interest,  since  no  practical  method  of  prediction  will  yield  intrinsic  probabilities. 

Let  us  therefore  consider  the  various  methods  of  prediction,  with  regard 
to  their  relative  abilities  to  predict  various  types  of  phenomena.  We  begin  by 
summarizing  some  ideas  of  Wiener  {6]  concerning  predictions  based  upon  past 
history.  Wiener  notes  that  in  observing  the  present  state  of  a  system,  we  are 
forced  by  practical  considerations  to  measure  only  a  finite  number  of  physical 
elements.  Each  of  these  elements  has  a  finite  range,  and  its  recorded  value  will 
be  rounded  off  to  a  specified  number  of  digits,  limited  for  practical  purposes  by 
the  accuracy  of  observation.  Hence  only  a  finite  number  of  distinct  states  are 
observable.  If  the  recorded  pa^t  history  of  the  system  is  infinite,  and  if  the 
system  is  statistically  stationary,  a  set  of  past  states  observed  to  be  identical 
to  the  present  state  may  be  found.  The  fraction  of  these  past  states  which  are 
followed  by  the  occurrence  of  a  specific  event  is  then  the  probability  of  occur¬ 
rence  of  the  event.  No  other  procedure  based  upon  the  same  observations  of  the 
present  state  can  do  better.  A  deterministic  dynamic  equation,  for  example, 
yielding  the  same  yes-or-no  answer  every  time,  is  less  realistic,  since  the  same 
thing  need  not  occur  every  time. 

Here  we  should  note  that  when  two  given  states  which  are  really  not  identical 
are  observed  to  be  identical,  perhaps  because  the  observations  do  not  cover  the 
entire  relevant  system,  the  differences  between  the  two  given  states  may  some¬ 
times  be  revealed  through  observable  differences  in  the  states  which  precede  the 
two  given  states  by  a  certain  time.  That  is,  two  states  should  perhaps  not  be 
considered  analogous  unless  their  antecedent  states,  over  some  finite  time  inter¬ 
val,  are  all  analogous.  If  this  is  the  case.,  the  preceding  paragraph  retains  all 
its  truth  when  the  word  “state”  is  replaced  by  the  expression  “combination  of 
successive  states,”  whenever  it  occurs.  The  antecedent  states  to  two  states 
considered  analogous  need  not  be  analogous  over  an  infinite  time  interval;  this 
could  not  occur  anyway  unless  the  process  is  strictly  periodic. 
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wiener  also  observes  that  the  prediction  scheme  which  he  has  deseiibed 


may  be  expressed  as  a  linear  regression  scheme,  if  the  predictors  and  the 
predictand  are  characteristic  functions.  A  characteristic  function  of  an  event  is 
a  time-variable  quantity  which  simply  lias  the  value  1  whenever  the  event  is 
occurring  and  0  whenever  the  event  is  not  occurring. 

Through  characteristic  functions  we  can  establish  an  important  relation 
between  predictability  and  periodicity.  If  F(t)  is  the  characteristic  function  of 
a  specific  observable  initial  state  (or  combination  of  successive  states),  and 
G(t)  is  the  characteristic  function  of  an  event  to  be  predicted,  the  means  F  and 
G  are  the  a  priori  probabilities  of  occurrence  of  the  initial  state  and  the  event, 
while  the  mean  product  F(t)  G(t  +  y)  is  the  probability  that  the  initial  state  will 
occur,  and  be  followed  after  time  y  by  the  event.  The  probability  that,  given  the 
initial  state,  the  event  will  occur  after  time  y,  minus  the  a  priori  probability  of 
the  event,  is  therefore  given  by 


F  1  lF(t)  G(t  +  y)  -  F  G )  . 


In  this  expression,  the  factor  in  parentheses  is  simply  the  covariance  of 
F  and  G,  at  lag  y.  If  the  event  is  predictable  at  arbit'  arily  long  range,  the  a 
posteriori  probability  of  the  event  does  not  approach  the  a  priori  probability  as 
a  limit.  It  follows  that  the  covariance  of  F  and  G  does  not  approach  0  as  a  limit, 
as  y  —  00  .  But  this  means  that  F  contains  a  component  whose  spectrum  is  not 
absolutely  continuous,  i.e.,  a  periodic  or  almost-periodic  component,  or  else 
a  somewhat  pathological  component  with  a  non- absolutely  continuous  spectrum, 
if  such  components  exist  in  natural  processes.  The  predictability  of  a  purely 
nonperiodic  process,  i.e.,  one  wich  an  absolutely  continuous  spectrum,  must 
become  arbitrarily  small  as  the  range  of  prediction  becomes  arbitrarily  long, 
if  the  number  of  observably  different  states  is  finite. 

It  is  important  to  observe  that  this  result  applies  even  when  the  pre¬ 
diction  is  based  upon  infinite  recorded  past  history,  i.e.,  when  it  is  made  by  the 
best  possible  method.  Hence  the  limitation  upon  predictability  applies  to  pre¬ 
diction  by  any  method,  and  is  subject  only  to  the  restriction  that  the  system  is 
not  observed  with  absolute  precision. 
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Periodic  components,  however,  are  predictable  at  arbitrarily  long  range, 
provided  that  the  past  history  is  sufficient  to  reveal  the  periodicity.  They  also 
yield  readily  to  linear  regression  procedures. 

Knowing  that  there  is  an  upper  limit  to  the  range  of  predictability  of  non- 
periodically  occurring  events,  let  us  now  restrict  our  attention  to  predictability 
at  ranges  where  prediction  is  possible.  Wiener’s  ideas  should  not  be  interpreted 
as  meaning  that  prediction  based  upon  past  history  is  superior  to  other  methods. 
Rather,  they  indicate  the  conditions  under  which  such  a  method  will  be  superior. 
These  conditions  include  the  availability  of  infinite  past  history.  The  method 
seems  to  be  favored,  then,  when  the  recorded  past  history  is  sufficiently  long  to 
include  virtually  all  the  different  situations  which  are  likely  to  arise. 

Prediction  by  linear  regression  becomes  equivalent  to  this  method,  if  the 
class  of  allowable  predictors  is  extended  to  include  all  characteristic  functions. 

If  the  allowable  predictors  are  more  restricted  in  nature,  the  predictability  of 
an  event  will  be  limited  by  any  lack  of  linearity,  even  when  the  system  is  deter¬ 
ministic.  But  since  the  linear  regression  method  does  not  demand  that  we  find 
past  stares  analogous  to  the  present,  it  may  be  favored  over  prediction  based 
upon  analogous  past  states,  if  the  recorded  history  of  the  process  is  insufficient 
to  yield  good  analogues. 

By  analogy  with  Wiener’s  ideas,  it  is  tempting  to  state  that  prediction  by 
means  of  laboratory  models  must  be  as  good  or  better  than  prediction  by  any 
other  means,  provided  that  we  can  construct  models  which  behave  exactly  like 
the  original  system,  and  provided  that  we  can  introduce  the  initial  conditions 
with  the  same  accuracy  and  completeness  with  which  they  have  been  observed. 
Such  a  statement  may  not  be  justified,  however.  Common  to  all  those  states 
which  are  observed  to  be  the  same  as  the  present  state,  even  though  they  really 
differ,  there  may  be  some  peculiarity  which  is  not  observed.  This  peculiarity 
occurs  in  the  past  history,  hut  it  may  not  be  present  in  the  initial  states  which 
are  introduced  into  the  model. 

Nevertheless,  the  use  of  models  seems  to  be  favored  when  good  modeling  is 
possible,  and  the  recorded  past  history  of  the  system  is  limited. 
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Likewise,  prediction  by  means  of  dynamic  equations  might  seem  to  be  as 
good  or  better  than  any  other  method,  provided  that  the  governing  equations  are 
known  precisely,  and  provided  that  methods  for  solving  them  exactly  are  available. 
Usually,  however,  the  precise  equations  refer  to  a  completely  observed  system.  We 
might  in  theory  choose  a  collection  of  initial  states,  each  compatible  with  the  observed 
state,  and  solve  the  equations  in  each  instance,  thereby  obtaining  the  probability  of 
occurrence  of  a  given  event.  Again,  an  unobserved  peculiarity  common  to  those 
real  states  compatible  with  the  observed  initial  state  might  bias  the  probability. 

Nevertheless,  when  the  dynamic  equations  are  known  with  fair  precision, 
but  the  recorded  history  of  the  system  is  meager,  solution  of  the  equations  seems 
to  be  a  favored  method. 

Li  short,  each  method  of  prediction  demands,  for  its  successful  application, 
that  certain  conditions  be  met.  These  conditions  include  a  long  recorded  past 
history  if  the  prediction  is  based  upon  past  behavior,  the  possibility  of  accurate 
modeling  if  the  prediction  is  based  upon  laboratory  models,  and  the  ability  to 
formulate  and  solve  the  appropriate  equations,  if  the  prediction  is  to  be  made 
dynamically.  For  any  given  phenomenon,  the  predictability  by  any  process  depends 
upon  the  extent  to  which  the  corresponding  conditions  are  met  by  the  relevant 
physical  system.  In  the  case  of  nonperiodic  processes,  the  predictability  by  any 
process  decays  toward  complete  unpredictability  as  the  range  of  prediction  in¬ 
creases. 

Among  the  phenomena  for  which  prediction  methods  based  upon  past  records 
seem  preferable,  although  not  altogether  satisfactory,  are  tornadoes.  The  dy¬ 
namics  of  tornadoes  are  poorly  understood,  and  the  condensation  processes  in¬ 
strumental  in  the  development  of  a  tornado  are  difficult  to  model,  even  though 
a  mature  tornado  vortex  might  be  modeled. 

As  already  suggested,  laboratory  models  may  afford  the  preferred  method 
for  flood  prediction,  provided  that  the  heavy  rainfall  or  rapid  melting  of  snow 
leading  to  the  flood  has  already  occurred.  The  dynamics  are  somewhat  complicated , 
and  the  number  of  previously  recorded  floods  in  a  given  river  basin  may  be  small. 

Dynamical  equations  may  afford  the  best  methods  for  predicting  extratropical 
storms.  Here  much  of  the  dynamics  is  understood,  while  the  possible  configurations 
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of  storms  are  so  numerous  that  it  is  difficult  to  find  truly  analogous  initial 
conditions. 

Finally,  we  mention  earthquakes.  Here  it  is  exceedingly  difficult  to  measure 
the  important  features  of  the  present  state  of  the  relevant  system,  such  as  stresses 
within  the  solid  earth.  Immediate  prospects  for  prediction  of  earthquakes  by  any 
method  are  therefore  rather  dim. 
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4.3  Prediction  by  Statistical  Methods* 


4.3.1  Definitions 

The  term  prediction  is  used  here  in  much  the  same  sense  as  defined  in 
Section  4.2.  It  will  always  mean  a  statement  that  an  event,  or  a  numerical  value 
of  an  event,  will  or  will  not  occur  at  an  instant  of  time  or  during  an  interval  of 
time  in  the  future.  A  statistical  prediction  is  a  prediction  made  by  statistical 
methods  wherein  the  coefficients  in  the  derived  prediction  formulas  are  sta¬ 
tistics  computed  from  a  large  historical  sample  of  data.  A  statistical  piediction 
procedure  is  completely  objective -everyone  using  it  must  obtain  the  same 
answer.  Such  objective  procedures  are  quite  amenable  to  use  on  high-speed 
computers. 

This  definition  eliminates  many  cases  wherein  statistics  play  an  important 
role  in  forecasting  but  the  basic  forecasting  method  is  not  statistical.  Two 
areas  of  wide  interest  thus  eliminated  are  the  determination  of  some  important 
parameters  by  statistical  methods  or  the  development  bv  statistical  methods  of 
some  guide  or  aid  for  a  human  forecaster.  An  example  of  a  statistically-derived 
parameter  is  n^^-wavp  forecasting  wherein  the  statistical  method  of  spec¬ 
trum  analysis  is  used  to  define  numerically  the  quantity  to  be  predicted  out  the 
actual  predictions  are  not  made  statistically  [7].  A  procedure  for  using  spec¬ 
trum  analysis  as  a  statistical  prediction  method,  as  defined  here,  is  given  in 
[8].  It  turns  out  that  such  predictions  must  be  made  by  linear  regression. 

Easily,  the  most  widely  -used  examines  of  aids  for  human  forecasters  are  the 
tables  or  charts  of  normal  values,  many  of  which  were  obtained  by  statistical 
methods. 

A  case  not  eliminated  by  the  definition  is  the  two-stage  procedure  of  deriv¬ 
ing  formulas  by  statistical  methods  relating  a  predictand  to  some  predictors 
observed  simultaneously  and  then  using  forecasted  values  of  the  predictors.  An 
example  is  given  in  [9]  wherein  some  surface  variables  are  related  to  simu’- 
taneous  observations  of  the  500-mb  surface  by  screening  regression.  In  appli¬ 
cation  of  the  equations,  data  from  the  500-mb  prognostic  charts  prepared 
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regularly  twice  a  day  by  the  U.S.  Weather  Bureau  would  be  used  as  input  to  the 
equations. 

The  organization  of  this  section  will  follow  the  grouping  of  geophysical 
phenomena  by  subject  matter  presented  in  Table  3-1  of  the  first  part  of  this 
report.  There  are  four  major  subject  areas:  geological,  atmospheric,  oceano¬ 
graphic,  and  others,  but  only  atmospheric  and  oceanographic  phenomena  will  be 
treated  in  very  great  detail  here  because  these  appear  to  be  most  amenable  to 
statistical  prediction. 

4.3.2  Geological  Phenomena 

4. 3. 2.1  Earthq  jakes  and  Landslides 

The  effort  devoted  to  seismology  has  increased  enormously  under  the 
impetus  of  the  problem  of  detecting  underground  nuclear  explosions.  Great 
strides  have  been  made  in  theory,  instrumentation,  data  collection  and  proces¬ 
sing,  location  of  epicenters  by  digital  computer,  and  on  the  central  problem  of 
differentiating  between  seismic  disturbances  caused  by  underground  nuclear 
explosives  and  those  due  to  earthquakes.  (See  [10]  for  a  review  of  recent  work  in 
seismology;  see  [11]  for  a  study  on  the  central  problem.)  However,  it  is  only 
recently  that  attention  has  turned  to  the  problem  of  predicting  earthquakes.  Appar¬ 
ently,  no  work  has  been  done  in  prediction  although  there  have  been  several 
methodologies  put  forth.  A  Russian  seismologist  has  suggested  that  Love  waves 
be  examined  because  as  the  stress  in  rocks  builds  up  prior  to  an  earthquake  the 
character  of  the  waves  changes*.  A  magazine  article  [12]  quotes  Dean  Carder  of 
the  U.S.  Coast  and  Geodetic  Survey  as  suggesting  that  geophones,  sensitive  instru¬ 
ments  to  detect  vibrations,  be  buried  one  or  two  thousand  feet  deep  near  known 
earthquake  faults.  Carder,  and  others,  have  suggested  also  the  use  of  several 
lasers  pointing  at  various  angles  across  faults  to  detect  slight  differences  in  the 
tilt  of  the  earth  on  either  side  of  the  fault  which  may  precede  earthquakes;  tilt- 
meters  have  been  suggested  for  the  same  purpose.  Stacey  [13]  reasons  that  the 
magnetism  of  the  rock  changes  with  stress  and  he  suggests  an  investigation  of  the 
possibility  of  forecasting  earthquakes  on  this  basis  by  placing  magnetic  instruments 
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at  fault  lines. 

No  statistical  methods  have  been  used  for  earthquake  prediction.  In  recent 
years  vast  amounts  of  seismic  data  have  been  collected  and  much  is  available  in 
digitized  form  from  the  data  center  of  the  U.S.  Coast  and  Geodetic  Survey.  From 
the  statistical  methodology  viewpoint,  the  problem  is  very  much  like  that  faced 
in  the  prediction  of  meteorological  events.  Time  series  of  observations  are  avail¬ 
able  at  a  number  of  stations  around  the  country  and  the  problem  is  to  combine 
these  statistically  to  predict  earthquakes.  The  statistical  methods  developed  in 
meteorology  could  be  quite  useful.  Unfortunately,  for  purposes  of  prediction 
(fortunately  otherwise)  it  may  be  that  the  number  of  earthquakes  is  not  sufficient 
to  develop  statistical  relationships  between  the  seismic  time  series  and  the  sub¬ 
sequent  occurrence  of  earthquakes.  However,  it  may  be  worthwhi’e  to  devote  a 
small  amount  of  effort  to  investigate  the  possibility  of  statistical  prediction. 

4. 3. 2. 2  Volcanoes 

The  ultimate  cause  of  volcanism  is  the  fundamental  instability  of  the  crust 
and  upper  mantle  of  the  earth.  The  partial  melting  of  the  mantle  at  about  60  kilo¬ 
meters  yields  a  magma  whose  density  is  less  than  that  of  the  surrounding  rock. 

The  magma  rises  along  conduits  associated  with  fractures  in  the  earth  and  forms 
a  shallow  reservoir  within  the  volcanic  pile,  and,  depending  on  rapidity  of  filling, 
volume,  and  other  factors,  this  may  lead  to  an  eruption  [14,  15]. 

The  prediction  of  an  eruption  can  be  made  because  the  slow  movement  of 
the  magma  causes  tilting  of  the  ground  surface  around  the  summit  of  the  volcano 
and  this  can  be  measured  by  tiltmeters.  Eaton  and  Murata  [14]  found  that  in 
the  eruption  of  Kilavea  in  Hawaii  the  tiltmeters  were  affected  more  than  a  year 
before  the  actual  eruption. 

For  places  where  no  such  instrumentation  is  possible,  such  as  in  the  more 
remote  reaches  of  Alaska,  the  situation  is  more  difficult.  Here,  the  only  evi¬ 
dence  is  seismological,  unless  an  airplane  happens  to  note  smoke.  Although  the 

movement  of  the  magma  does  cause  seismic  disturbances,  Eaton  and  Murata  [14] 
conclude  that  such  evidence  tells  little  about  the  likelihood  that  a  particular 
disturbance  will  culminate  in  an  eruption.  If  statistics  can  be  of  use  in  predicting 
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volcanoes,  it  is  in  associating  eruptions  with  seismologieal  records.  Volcanic 
data  Tor  many  areas  of  the  world  are  kept  at  the  International  Volcanological 
Association  in  Naples,  Italy  and  seismologieal  records  are  available  from  a 
number  of  places.  However,  it  may  be  that  the  number  of  volcanoes  is  too  small 
to  establish  a  definite  statistical  l’elationship. 

4.3.3  Atmospheric  Phenomena 

The  use  of  statistics  in  meteorology  has  increased  enormously  in  recent 
years.  Lorenz  [16]  estimates  that  in  1960,56  percent  of  meteorological  articles 
made  some  use  of  statistics.  Klein  [17]  cites  over  50  references  on  the  use  of 
screening  multiple  regression  in  weather  forecasting,  almost  all  appearing  in 
the  last  10  years.  This  growth  in  statistical  prediction  is  due  in  large  part  to 
the  availability  of  an  enormous  amount  of  data  on  punched  cards  at  The  National 
Weather  Records  Center  in  Asheville,  North  Carolina  (see  [18]  for  a  brief  des¬ 
cription).  As  more  and  more  meteoi’ologists  become  aware  of  this  gold  mine  of 
information  and  also  of  the  power  of  statistical  methods  and  high-speed  com¬ 
puters,  it  is  anticipated  that  the  growth  will  accelerate. 

As  indicated  by  the  number  of  references  cited  by  Klein  [17],  the  most 
widely  used  statistical  prediction  method  at  present  is  screening  multiple 
regression:  a  description  of  this  method  is  given  by  Miller  [19],  Briefly,  from 
a  large  set  of  possible  predictor  variables  a  smaller  subset  of  contributing 
predictors  is  selected  by  an  objective  statistical  procedure.  The  redundant  or 
noncontributory  variables  are  then  eliminated  from  the  analysis  and  an  ordinary 
multiple  regression  equation  is  computed  between  the  selected  predictors  and 
the  variable  to  be  predicted,  usually  termed  the  predictand. 

A  second  statistical  procedure  which  is  coming  into  prominence  is  screen¬ 
ing  multiple  discriminant  analysis  (see  [19]  for  a  description).  Here  too  a  sub¬ 
set  of  important  predictors  is  selected  objectively.  The  primary  difference 
between  the  two  statistical  techniques  is  that  the  predictand  is  a  continuous  vari¬ 
ate  in  regression  but  can  be  discontinuous,  or  even  qualitative,  in  discriminant 
analysis.  However,  there  are  some  examples  of  regression  being  applied  to 
discontinuous  variables  and  of  discriminant  analysis  applied  to  continuous 
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variables. 

A  third,  and  quite  old,  technique  is  the  contingency  table  in  which  counts 
are  made  of  the  subsequent  occurrence  or  nonoccurrence  of  events  when  given 
that  a  specified  event  or  events  have  occurred.  An  example  is  given  in  {20]. 

4. 3. 3.1  Atmospheric  Turbulence 

Although  scores  of  articles  and  several  books  have  been  written  on  turbu¬ 
lence,  statistical  prediction  of  turbulence  is  virtually  nonexistent.  The  main 
reason  appears  to  be  difficulty  in  obtaining  sufficient  data  in  the  proper  form. 
For  purpose  of  this  study,  turbulence  is  divided  into  high-level,  low-level,  and 
boundary-layer,  although  the  words  may  not  be  fully  descriptive  of  the  types  of 
turbulence  being  considered. 

4. 3.3.1. 1  High-Level 

The  impetus  for  predicting  high-level  turbulence-  comes  from  its  effect 
on  aircraft.  The  two  types  affecting  aircraft  are  clear-air  and  convective 
turbulence;  the  latter  is  usually  associated  with  thunderstorms,  and  predic  tion 
of  thunderstorms  will  be  considered  later.  The  only  statistic  a.  prediction  on 
clear-air  turbulence  (CAT)  that  could  be  found  is  the  work  by  Ball  [21]  based 
on  previous  work  by  Clodman,  et  al.  {22].  Ball  had  five  days  of  pilot  reports 
of  CAT  over  the  United  States  and  attempted  to  relate  the  severity"  of  turbulence 
to  large-scale  features  of  the  upper-air  circulation  by  screening  multiple  dis¬ 
criminant  analysis.  Ke  was  not  successful  and  attributed  this  to  lack  of  data, 
both  of  occurrences  of  CAT  and  of  observations  of  meteorological  data  on  a 
sufficiently  dense  network.  There  does  not  appear  to  be  much  chance  of  pre¬ 
dicting  CAT  by  statistical  methods  until  more  and  better  data  become  available. 

4. 3. 3.1. 2  Low-Level 

Low-level  turbulence,  below  1000  feet,  as  it  affects  the  design  of  aircraft 
ha-3  been  studied  mainly  by  Lappe  and  others  at  New  York  University  (see  [23] 
for  an  outline  of  the  work  and  [24]  for  the  latest  report).  Simultaneous  measure¬ 
ments  of  turbulence  were  made  from  an  instrumented  tower  and  by  aircraft.  At 
pi’esent,  effort  is  being  expended  to  relate  properties  of  the  spectrum  (the 
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predictands)  to  predictors  such  as  terrain  types,  measures  of  stability  and  wind 
speed.  Lappe  and  his  group  are  not  developing  statistical  prediction  methods 
but  rather  are  using  a  combined  physical-empirical  approach.  Thus,  no  statisti¬ 
cal  prediction  of  low-level  turbulence  has  been  attempted.  It  appears  that  the 
amount  and  condition  of  the  existing  data  do  not  warrant  any  large-scale  effort 
in  this  direction  at  the  present  time. 

4. 3. 3. 1.3  Boundary-Layer 

A  good  deal  of  work  in  turbulence  has  been  directed  toward  predicting  the 
concentration  of  pollutants  in  the  atmosphere.  Although  much  knowledge  has  been 
gained  and  advances  have  been  made,  it  is  fair  to  say  the  the  existing  state  of 
theoretical  knowledge  (particularly  of  nonhomogenous,  nonsteady  state,  and  non¬ 
isotropic  turbulence  existing  at  the  surface)  is  such  that  prediction  methods 
based  on  theory  leave  much  to  be  desired.  Furthermore,  it  appears  that  no  sta¬ 
tistical  prediction  methods  have  been  attempted. 

The  most  widely  used  prediction  technique  is  an  equation  relating  concen¬ 
tration  of  the  pollutant  to  some  measure  of  the  variability  of  the  wind.  The 
problem  then  is  to  predict  the  wind  variability.  This  variability  is  dependent 
upon  a  number  of  factors,  some  of  which  are  the  features  of  the  terrain  (smooth, 
wooded,  grassy,  wet,  dry,  etc.)  the  stability  of  the  air  (in  turn  this  is  affected  by 
the  time  of  day,  season  of  the  year,  amount  of  clouds,  synoptic  situation,  etc.), 
and  the  wind  speed  averaged  over  some  convenient  length  of  time.  It  is  the 
opinion  here  that  statistical  methods  can  play  a  role  in  prediction  of  turbulence 
and  that  the  time  is  ripe  for  such  a  study.  A  general  framework  is  presented 
below. 

First,  the  quantities  to  be  predicted,  the  predictands,  must  be  defined. 

These  could  be  the  amount  of  energy  in  various  frequency  bands  of  the  spectrum, 
or  the  variances  of  the  vertical  and  cross-wind  components  of  the  wind,  or  the 
concentration  of  the  pollutant,  or  even  the  meandering  of  the  plume  from  a  source 
such  as  a  smoke  stack.  These,  or  other  predictands,  could  be  defined  numeri¬ 
cally  or  even  qualitatively  in  broad  groups.  The  definition  of  the  predictand 
would  depend  upon  the  problem  and  upon  the  data  available. 
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The  second  step  is  to  define  the  predictor  variables.  If  the  statistical 
prediction  technique  is  of  a  screening  nature  (see  Section  2.0)  then  there  is  no 
need  to  keep  the  number  small.  For  example,  in  screening  regression  up  to 
180  predictors  can  be  handled  by  existing  computer  programs  [25]  and  in  screen¬ 
ing  discriminant  analysis  up  to  450  predictors  can  be  analyzed.  However,  if  the 
prediction  problem  were  sufficiently  important  the  number  of  predictors  could 
be  increased  substantially. 

The  actual  meteorological  variables  chosen  as  predictors  would  depend 
again  upon  the  problem  arid  the  availability  of  the  data.  However,  based  on  con¬ 
siderable  experience  in  other  fields  the  following  remarks  may  aid  in  the  pre  ¬ 
dictor  selection. 

(a)  Although  the  relationship  between  some  predietand  and  a  set  of  pre¬ 
dictors  may  depend  upon  the  hour  of  the.  day  and  the  season  of  the  year,  it  is  not 
necessary  to  stratify  the  data  into  small  time-dependent  groups  and  obtain  a 
relationship  within  each  group.  In  a  large-scale  effort  to  develop  statistical 
prediction  methods  for  forecasting  cloud  heights  and  visibility  [20]  it  was  found 
that  the  same  statistical  prediction  formulas  could  be  applied  for  every  hour  of 
the  day  and  every  day  of  the  year.  This  was  accomplished  by  including  the  hour 
and  the  season  explicitly  as  predictor  variables.  In  a  somewhat  smaller  study 
[26],  regression  equations  were  developed  in  forecasting  wind,  temperature,  and 
pressure.  Again,  hour  and  season  were  included  as  predictors  and  the  resur. 
was  equations  which  could  be  applied  at  any  time.  The  use  of  these  time  pre¬ 
dictors  is  almost,  mandatory  if  data  from  different  hours  and  seasons  are  to  be 
handled  simultaneously. 

(b)  A  second  type  of  predictor  found  valuable  )s  the  dummy  variable.  An 
example  will  illustrate  this,  Ejitppase  observations  are  made  under  varying 
terrain  conditions  and  it  is  desired  to  combine  these;  pyt  to  pblfl ip  terrain  as  a 
predictor.  This  could  be  done  if  some  numerical  value  could  be  assigned  to 
terrain-but  the  present  knowledge  of  turbulence  makes  this  difficult.  The  prob¬ 
lem  can  be  overcome  by  generating  dummy  oi*  St&Vu^nM  Variables.  If  the 
terrain  for  a  certain  set  of  observations  is  a  solid  canopy  nf  trees,  then  we 
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generate  a  variable,  say  Z,  which  takes  on  a  value  of  1  for  these  observations 

but  is  set  equal  to  zero  for  all  other  observations.  If  the  terrain  of  another  set 

of  observations  is  grassy  then  a  second  dumiry  variable  is  generated,  say  Z 

where  Z  is  one  for  all  grassy  cases  but  zero  for  all  other  cases.  It  is  clear' 
z 

that  dummy  variables  constitute  a  method  for  quantifying  qualitative  data.  Such 
variables  are  widely  used  in  psychology  and  sociology  [27]  as  well  as  meteor¬ 
ology  [28]. 

(c)  Variables  can  be  subjected  to  various  transformations.  Some  of  these 
are  given  by  Miller  in  Appendix  W  and  in  [29]  Bryan  describes  several  trans¬ 
formations  he  found  of  use  in  geophysical  prediction  including  optimum  subdivi¬ 
sion  of  a  variable,  calibration,  dummy  variables,  segmented  variables,  hetero¬ 
functions,  and  normalizing. 

Once  the  predictors  and  predictands  have  been  defined  a  sufficiently  large 
sample  of  data  must  be  collected  and  pre-processed  to  produce  the  variables  in 
the  proper  form.  This  would  probably  be  the  most  expensive  and  time-con¬ 
suming  portion  of  any  study.  At  least  this  has  been  true  in  similar  studies  in 
meteorological  prediction. 

Given  the  sample  of  data,  various  statistical  prediction  techniques  could 
be  applied  to  .uiswer  a  variety  of  questions.  Particularly  valuable  would  be  the 
screening  techniques  wherein  predictor  variables  are  selected  objectively. 
Although  the  primary  aim  of  these  techniques  is  to  produce  prediction  methods 
they  often  aid  in  gaining  greater  insight  into  the  physical  nature  of  the  problem. 

4. 3. .3.2  Tornadoes  and  Thunderstorms 

-.n  up-to-date  review  of  the  current  status  of  the  tornado  and  severe 
thunderstorm  forecasting  is  given  by  House  in  [30],  Forecasts  are  made  on  a 
regular  basis  by  the  Severe  Local  Forecasting  Center  (SELS)  of  the  U.S. 
Weather  Bureau.  At  present,  the  forecast  procedure  is  much  the  same  as  that 
used  by  subjective  forecasters  in  day-to-day  forecasting  of  other  meteorologi¬ 
cal  elements  although  the  problem  is  more  difficult. 
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As  stated  by  House: 

“While  the  procedures  utilized  in  arriving  at  a  particular 
forecast  solution  are  in  general  well  specified,  the  suc¬ 
cess  of  the  prediction  depends,  in  a  large  part,  upon  the 
forecaster’s  experience  and  ingenuity  in  relating  the  syn¬ 
optic  observations  to  the  tractable  physical  processes 
specified  by  the  theory.” 

The  forecasts  are  categorical  statements  that  a  tornado  will  occur  in  a  20,000 
square  mile  area  in  a  6-hr  period  beginning  shortly  after  forecast  time,  and 
50  percent  of  such  statements  are  correct.  The  basic  difficulty  of  the  forecasting 
problem  from  a  physical  viewpoint  is  compounded  by  the  lack  of  observations  on 
a  sufficiently  dense  spatial  and  time  scale.  This  latter  difficulty  is  being  over¬ 
come  somewhat  by  objective  analyses  of  mesoscale  observations.  The  work  of 
Dellert  [31]  is  outstanding  in  this  respect. 

At  present  no  statistical  prediction  methods  are  available  for  forecasting 
thunderstorms  and  tornadoes.  It  is  strongly  recommended  that  effort  be  initiated 
toward  developing  such  methods.  The  requisite  data  are  now  available  in  suffi¬ 
cient  quantity,  the  problem  will  not  be  solved  in  the  near  future  by  dynamic 
models,  and  similar  problems  have  been  attacked  successfully  by  statistical 
methods  (hurricanes  [32],  ceiling  and  visibility  [20],  and  cyclone  movement  [33]). 
A  proposed  outline  for  such  a  study  follows. 

The  predictand  variable  would  be  the  occurrence  or  nonoccurrence  of 
“activity”  in  a  specified  area,  probably  20,000  square  miles,  for  specific  time 
intervals,  say  6-hr  interval  beginning  three  hours  after  forecast  time.  An  exam¬ 
ple  of  “activity”  is:  no  convective  activity,  nonsevere  thunderstorms,  severe 
thunderstorms,  and  tornadoes.  The  precise  categories  would  depend  on  the  reli¬ 
ability  of  the  available  data.  The  geographical  region  of  concern  would  be  the 
area  of  maximum  severe  weather  occurrence-from  east  of  the  Rockies  to  the 
Mississippi  Valley.  Also,  the  seasonal  maximum  of  March  to  June  would  receive 
emphasis. 

The  predictor  variables  would  be  chosen  on  the  basis  of  the  experience  of 
SELS  personnel  and  might  include  pressure  tendencies,  moisture  measures, 


temperature  advection,  vorticity,  vorticity  advection,  stability  measures,  gradi¬ 
ents,  etc.  The  moving-coordinate  method  could  be  used  [33]  wherein  predictor 
information  is  tabulated  at  locations  relative  to  the  prediction  area  or  some 
other  convenient  “module.” 

Approximately  three  years  of  carefully  analyzed  manuscript  surface  and 
upper-air  maps  would  be  needed.  In  addition,  detailed  climatological  infor¬ 
mation  concerning  severe  weather  occurrence,  such  as  the  SELS  log,  would  be 
required. 

The  basic  approach  would  be  screening  multiple  discriminant  analysis 
(see  Section  2.0)  in  a  moving  coordinate  system.  It  will  be  recalled  that  MDA 
selects  from  a  set  of  potential  predictors  a  subset  that  efficiently  separates  or 
discriminates  between  the  mutually-exclusive  predictand  groups.  The  end 
product  is  a  statistical  prediction  method  giving  the  subsequent  probability  of 
occurrence  of  the  selected  predictors. 

4. 3. 3. 3  Hurricanes 

Unlike  the  atmospheric  phenomena  discussed  in  the  previous  two  sections, 
extensive  work  has  been  done  to  develop  statistical  methods  for  predicting 
hurricane  movement,  mainly  by  Veigas  and  a  group  at  The  Travelers  Research 
Center,  Inc.  [32],  and  such  methods  are  part  of  the  regular  forecast  routine  of 
the  agency  responsible  for  hurricane  prediction,  The  National  Hurricane  Center 
(NHC)  at  Miami.  Following  Veigas’  procedures,  Arakawa  [34,  35]  developed 
statistical  methods  for  predicting  typhoon  movement  in  the  Western  North  Pacific 
but  he  extended  the  work  to  predict  the  change  in  central  pressure  also.  This 
procedure  is  being  used  by  the  Japan  Meteorological  Agency. 

The  procedure  followed  at  the  NHC  for  forecasting  hurricane  movement 
is  given  in  Chapter  ]0  of  [36].  A  number  of  objective  prediction  methods, 
including  Veigas’,  are  used  and  all  serve  as  input  to  the  duty  forecaster  who 
makes  the  final  decision.  Tracy  [37]  of  NHC  verified  several  hundred  forecasts 
of  24-  and  36-hr  movement  and  found  that  Veigas’  statistical  prediction  method 
was  the  best  of  several  objective  forecast  procedures.  These  o>her  procedures 
included  the  Riehl-Haggard  system  [38],  a  numerical  prediction  method  [39], 


and  persistence  of  the  previous  movement,  A  brief  description  of  Veigas1  work 
follows. 

Veigas  considered  12  predictands,  E-W  and  N-S  movement  at  12,  24,  and 
36  hours  for  northern  and  southern  zoiies.  He  used  from  93  to  154  potential 
predictors,  all  of  which  involved  either  sea-level  pressures,  500-mb  heights,  or 
previous  movement  of  the  hurricane  center.  He  obtained  data  for  384  cases. 

The  screening  multiple  regression  technique  (see  Section  2.0)  was  applied  and  a 
small  sub-set  of  predictors  was  selected  out  objectively.  The  remaining  pre¬ 
dictors  were  eliminated  from  the  analysis  and  12  regression  equations  were 
obtained,  relating  each  predietand  to  ;ts  selected  predictors.  These  equations 
constitute  the  statistical  prediction  method. 

Although  much  work  has  beer.  Hone  there  are  two  unfinished  tasks. 
Arakawa  developed  reasonably  accurate  regression  equations  for  predicting 
change  in  central  surface  pressure  for  typhoons  in  the  Pacific.  Similar  equa¬ 
tions  should  be  derived  for  hurricanes  in  the  Atlantic  and  Gulf  of  Mexico. 

Second,  the  500-mb  prognostic  charts  for  variors  forecast  lengths  prepared 
twice  daily  by  the  National  Meteorological  Center  at  Suitland  should  be  incorpo¬ 
rated  into  Veigas’  regression  equations.  Data  from  these  charts  would  be  added 
to  the  list  of  potential  predictors  and  the  screening  procedure  would  be  applied 
to  derive  new  regression  equations.  In  operational  forecasting,  these  prognostic 
charts  are  readily  available  and  pertinent  data  could  be  extracted  in  precisely 
the  same  manner  as  data  are  extracted  from  observed  charts  on  the  present 
method. 

4. 3. 3.4  Blizzards 

The  U.S.  Weather  Bureau  specifies  for  blizzard  a  wind  of  32  miles  per 
hour  or  higher,  low  temperatures,  and  sufficient  snow  in  the  air  to  reduce 
visibility  to  less  than  500  ft.  From  a  survey  of  the  literature  it  appears  that 
there  are  no  specific  piocedures  for  forecasting  blizzards  as  there  are  for 
tornado,  thunderstorm,  and  hurricane  forecasting.  The  forecasting  of  wind, 
snow,  and  temperature  are  treated  separately  and  blizzard  forecasts  are 
issued  when  all  three  elements  meet  the  required  conditions.  There  are  no 
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verification  statistics  on  blizzard  forecasting  arid  no  statistical  prediction 
methods. 

It  is  felt  that  development  of  statistical  methods  for  forecasting  blizzards 
is  quite  feasible.  The  suggested  method  of  attack  is  a  two-stage  procedure¬ 
forecasting  of  the  surface  pressure  map  and  upper-level  charts  and  relating 
the  occurrence  of  blizzards  to  the  maps.  The  predictand-a  biizzard-could  be 
defined  to  suit  some  operational  requirement;  the  simultaneous  occurrence  of 
specified  wind,  temperature,  and  snowfall  rate  could  be  used  to  categorize  the 
predictand  into  several  classes,  say,  no  blizzard,  light  blizzard,  moderate 
blizzard,  and  severe  blizzard.  The  predictors  would  be  the  location  and  cen¬ 
tral  pressure  of  simultaneous  surface  maps,  features  of  the  simultaneous  500-mb 
charts  and  any  other  predictors  felt  to  be  pertinent  and  which  would  be  available 
at  forecast  time.  The  statistical  method  of  screening  multiple  discriminant 
analysis  would  be  used  to  select  important  predictors  and  generate  forecast 
relationships.  In  making  the  forecasts  under  operational  conditions,  the  location 
and  central  pressure  of  the  surface  lows  would  be  forecasted  by  the  method  of 
Veigas  and  Ostby  [33,  40];  the  500-mb  prognostic  charts  put  out  twice  daily  by 
the  National  Meteorological  Center  would  be  available  as  would  other  pertinent 
variables.  The  predictors  selected  by  the  screening  procedure  would  be  extracted 
and  inserted  into  the  forecasting  relationships  and  the  end  product  would  be  a 
probability  forecast. 

4. 3. 3.5  Cyclogenesis 

Cyclogenesis  is  the  intensification  of  existing  cyclonic-  flow  or  the  develop¬ 
ment  of  cyclonic  circulation  where  previously  it  did  not  exist  (commonly,  the 
initial  appearance  of  a  low  or  trough).  The  major  effort  in  statistical  prediction 
of  cyclogenesis  has  been  conducted  by  Veigas  and  Ostby  and  their  results  are 
contained  in  two  reports  [33,  40].  The  reports  give  a  brief  resumd  of  previous 
work  in  the  field.  Briefly,  they  set  up  a  moving  coordinate  system  in  which  pre¬ 
dictor  information  is  measured  at  points  fixed  with  respect  to  the  moving  cyclone 
center  rather  than  at  points  fixed  with  respect  to  the  earth.  They  then  applied 
the  technique  of  screening  multiple  regression  to  obtain  equations  for  predicting 


24-hr  displacement,  change  in  central  pressure,  and  change  in  intensity  of  exist¬ 
ing  lows  on  the  surface  pressure  map.  Their  procedures  have  been  applied  m 
routine  forecasting  by  the  U.S.  Navy  group  at  Monterey,  California,  and  have  been 
found  to  be  quite  successful. 

There  are  improvements  and  extensions  to  other  geographic  areas  that  can 
be  made  to  the  Veigas-Ostby  technique.  However,  a  more  fruitful  area  is  exten¬ 
sion  of  the  technique  to  cases  wherein  no  low  exists,  i.e.,  there  is  need  to  develop 
methods  for  predicting  the  position,  central  pressure,  and  intensity  of  the  initial 
occurrence  of  lows  or  troughs.  It  is  felt  that  efforts  in  this  direction  would  be 
rewarding. 

4. 3. 3.6  Lightning 

Not  only  is  statistical  prediction  of  lightning  nonexistent  but  there  does  not 
appear’to  be  any  research  effort  at  all  devoted  solely  to  prediction  of  lightning 
by  any  method.  A  survey  of  the  literature  reveals  several  hundred  articles 
devoted  to  the  physics  of  the  lightning  flash,  scores  devoted  to  the  effects  of 
lightning,  to  lightning  protection,  and  to  atmospheric  electricity  in  general,  but 
nothing  on  prediction  of  lightning.  It  appears  to  be  tacitly  assumed  that  fore¬ 
casting  the  severity  and  location  of  a  thunderstorm  is  sufficient  information  for 
forecasting  lightning.  Although  this  is  not  true  in  general,  it  is  the  opinion  here 
that  thunderstorm  forecasting  is  such  a  difficult  problem  that  any  resources 
available  for  developing  statistical  methods  for  predicting  lightning  should  be 
devoted  to  predicting  thunderstorms. 

4. 3. 3.7  Clouds 

By  far  the  largest  effort  in  statistical  prediction  of  clouds  has  been  con¬ 
ducted  by  The  Travelers  Research  Center,  Inc.  of  Hartford,  Connecticut.  The 
motivation  for  the  studies  is  improved  forecasting  for  aviation,  both  at  air 
terminals  and  enroute.  A  brief  survey  of  the  effort  is  given  below. 

One  study  involved  developing  and  testing  procedures  for  forecasting 
ceiling  heights  for  periods  from  2-7  hours  af  terminals  where  a  large  amount 
of  historical  data  are  available,  and  the  usual  weather  variables  are  currently 
being  transmitted  hourly  over  the  weather  teletype  network  in  the  United  States. 
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The  predictand  was  ceiling  height  classified  into  operationally-useful  categories 
(i.e.,  for  aircraft  landing  and  takeoff).  The  predictors  were  surface  elements 
observed  hourly  at  a  network  of  stations.  A  number  of  statistical  prediction 
procedures  were  compared  with  each  other  and  with  the  subjective  forecasts, 
and  it  was  concluded  that  the  screening  multiple  discriminant  analysis  procedure 
was  the  best  statistical  procedure  and  was  slightly  better  than  the  subjective 
forecaster  (see  [20]  and  [41  j  for  the  verification  results). 

A  second  study  involved  forecasting  ceiling  height  and  total  cloud  amount 
at  terminals  where  no  historical  data  exist  and  weather  observations  are  not 
being  made.  This  is  the  so-called  “no-data”  problem-it  is  particularly  useful 
over  ocean  areas  and  over  silent  areas  in  wartime.  The  screening  regression 
procedure  is  used  to  develop  equations  on  a  simultaneous  basis  between  pre¬ 
dictor  data  from  upper-air  charts  and  ceiling  and  total  cloud  amount  at  various 
teiminals  where  data  were  observed.  By  asing  the  “generalized-operator”  con¬ 
cept  the  equations  are  applicable  to  other  terminals.  In  making  the  forecasts, 
the  predictor  data  are  picked  off  the  hemispheric  prognostic  chari  s  prepared 
twice  daily  for  12-,  24-,  and  48-hr  forecast  lengths.  Some  results  are  given 
in  [9],  and  it  is  concluded  therein  that  “...  the  technique  is  feasible  and  may 
provide  for  a  useful  and  economic  means  1)  for  specifying  surface  conditions 
over  which  upper-air  analyses  are  performed  but  surface  data  are  unavailable, 
and  2)  for  incorporati  g  dynamical  upper-air  prognostic  information  into  long- 
range  (e.g.,  12- 24-hour  forecasts  of  surface  weather  conditions).”  Although  the 
procedure  was  tested  on  a  simultaneous  basis  at  stations  withheld  from  the 
analysis,  it  has  not  been  tested  with  prognostic  charts.  This  will  be  done  shortly. 

A  third  study  [42,  43]  is  much  the  same  as  the  second  in  concept  but  the 
development  sample  of  data  and  some  of  the  predictors  are  different.  The 
regression  equations  derived  under  this  project  are  now  being  used  by  the  Air 
Force  in  regular  day-to-day  forecasting  of  total  cloud  amount  over  the  United 
States.  However,  the  evaluation  of  the  accuracy  of  these  forecasts  is  still  going 
on. 

In  light  of  the  very  considerable  activity  now  going  on  in  statistical  pre¬ 
diction  of  cloud  and  present  plans  for  continuing  this  activity,  no  additional  work 
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is  suggested. 

4. 3. 3. 8  Precipitation 

A  great  deal  of  effort  has  been  expended  to  develop  objective  methods  for 
predicting  precipitation.  As  far  back  as  1952  a  bibliography  of  over  100  items 
was  published  [44]  and  many  articles  have  appeared  since  then.  No  exhaustive 
inventory  of  the  work  in  this  field  will  be  presented;  instead  a  brief  summary  of 
the  current  situation  follows. 

Although  hundreds  of  contributions  to  the  theory  of  precipitation  type, 
occurrence,  and  amount  have  been  made  the  present  forecasting  procedures  are 
largely  empirical-synoptic.  It  is  on  the  empirical  side  that  objective  procedures 
have  been  developed  to  ^corporate  both  die  forecaster’s  experience  and  ideas 
based  on  theoretical  results.  A  variety  of  graphical  correlation  techniques  have 
been  attempted  in  which  the  predictor  variables  are  features  of  height  or  pressure 
patterns  observed  at  or  during  the  predictand  period  of  time.  In  practice,  pro¬ 
gnosticated  maps  of  these  parameters  are  used  to  prepare  a  forecast.  The  graph¬ 
ical  correlation  procedures  developed  by  Brier  [45,  46]  are  often  employed  to 
obtain  the  graphs.  (See  [47]  for  a  typical  example  of  the  use  of  Brier’s  tech¬ 
nique.)  These  empirical-type  studies  are  usually  of  limited  scope,  applying  to 
only  one  station  or  small  area,  dealing  with  only  one  facet  of  precipitation,  such 
as  occurrence  vs.  nonoccurrence,  and  able  to  handle  only  a  few  predictor  vari¬ 
eties.  Nevertheless,  they  are  in  use  at  many  stations  and  forecasters  feel  that, 
they  are  valuable  even  though  the  final  precipitation  forecast  is  prepared  subjec¬ 
tively. 

A  notable  exception  to  the  type  of  study  described  above  is  the  work  of 
Klein  [17]  and,  on  a  smaller  scale,  that  of  Glahn  [48].  Klein  used  screening 
regression  to  obtain  regression  equations  for  predicting  5-day  precipitation 
amounts,  in  broad  categories,  at  some  30  areas  covering  the  United  States. 

The  predictions  are  plotted  on  a  map  and  analyzed  subjectively  to  produce  a 
prediction  at  every  point  in  the  U.S.  Such  forecasts  are  now  made  routinely 
three  times  a  week  and  formal  verification  indicates  that  these  forecasts  are 
quite  good.  Glahn  used  screening  regression  end  factor  analysis  to  develop 
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equations  for  predicting  24-hr  areal  coverage  of  precipitation  in  an  area  in 
Mississippi.  His  results  were  poor  when  tested  on  independent  data.  Both 
studies  have  in  common  that  they  used  high-speed  computers  and,  therefore, 
could  handle  a  very  large  number  of  predictor  variables;  a  much  more  real¬ 
istic  procedure  than  being  forced,  by  the  graphical  procedure,  to  confine 
attention  t->  ao  little  as  two  predictors  and  to  small  data  samples. 

There  appears  to  be  a  great  deal  of  interest  among  forecasters  cn  devel¬ 
opment  of  objective  procedures  for  forecasting  precipitation,  and  it  is  the 
opinion  here  that  the  time  ie  ripe  for  a  large-scale  effort  in  this  direction. 

Vast  amounts  of  data  are  readily  available,  the  statistica1  procedures  appropri¬ 
ate  to  the  problem  arc  at  hand  and  have  been  programmed  for  high-speed  com¬ 
puters,  and  an  enormous  backlog  of  theoretical,  synoptic,  and  empirical  “know¬ 
how”  is  available.  It  is  felt  that  the  chances  for  success  are  very  good  indeed. 

4.3.3.9  Fog 

The  situation  in  statistical  prediction  of  fog  is  much  the  same  as  that  in 
precipitation  except  on  a  somewhat  smaller  scale.  There  are  numerous  object¬ 
ive  aids  to  fog  forecasting,  some  are  graphical  involving  the  combined  effects 
of  two  or  more  predictors,  but  many  are  simply  tabulations  ..f  the  subsequent 
occurrence  of  various  types  of  fog  when  given  the  occurrence  of  some  meteoro¬ 
logical  element  such  as  wind  direction  or  air-sea  temperature  difference. 

The  largest  single  effort  in  statistical  prediction  of  fog  did  not  deal  with 
fog  directly  but  with  visibility  at  airports,  with  no  consideration  of  the  causes 
of  the  restriction  to  visibility  (see  [20]).  The  screening  multiple  discriminant 
analyses  procedure  was  applied  to  develop  methods  for  predicting  visibility 
ranges  in  gross  categories  at  seven  stations  in  the  United  States.  The  resulting 
methods  were  applied  to  independent  data  and  the  forecasts  were  found  to  be 
somewhat  better  than  persistence  and  slightly  better  than  routine  operational 
forecasts  prepared  subjectively.  This  work  is  being  continued  (by  The  Travelers 
Research  Center,  Inc.)  and,  therefore,  no  additional  effort  is  recommended. 

4.3.3.10  Planetary  Boundary-Layer  Shear 

In  Appendix  J  of  this  report  Pandolfo  presents  a  survey  of  boundary  layer 
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winds.  These  are  winds  from  the  surface  to  approximately  5000  feet,  hut  elimi¬ 
nating  small-scale  variations  which  were  considered  previously  under  turbulence. 
Pandolfo  discusses  refining  the  available  nonlinear  physical-mathematical  models 
to  relate  the  wind  profile  to  simultaneous  observations  of  horizontal  pressure 
gradient  forces,  radiation,  evaporation,  clouds,  and  baroclinicity.  Therefore, 
even  if  the  new  models  prove  realistic  there  will  still  exist  the  problem  of  pre¬ 
dicting  the  elements  affecting  the  wind  profile.  Prediction  of  boundary-layer  wind 
shear  by  such  models  appears  to  be  years  away. 

At  present,  predictions  are  made  subjectively  at  U.S.  Weather  Bureau  fore¬ 
cast  centers  of  the  wind  at  1000-ft  intervals  up  to  5000  feet  for  stations  in  the 
U.S.  at  which  radiosonde  observations  are  made.  The  wind  profile  can  be  obtained 
by  drawing  or  fitting  lines  to  these  predictions. 

Little  effort  has  been  directed  toward  statistical  forecasting  of  winds  from 
the  surface  to  5000  feet.  It  is  felt  that  the  time  is  ripe  for  such  an  effort.  In  a 
recent  study,  in  which  the  author  participated  [26],  the  screening  regression 
method  was  applied  to  forecasting  surface  winds  at  Idlewild  Airport.  It  was  found 
that  the  statistical  forecast  errors  were  1/3  smaller  than  the  subjective  errors. 
These  same  procedures  could  be  applied  to  the  500-  and  1000- meter  winds  be¬ 
cause  a  very  large  backlog  of  such  wind  observations  are  available  at  Asheville 
for  rawin  and  rawinsonde  stations  in  tne  United  States.  It  would  not  be  necessary 
to  predict  the  5000-ft  wind  because  reasonably  accurate  850-mb  height  forecasts 
are  now  being  made  routinely  by  the  National  Meteorological  Cen';er. 

4.3.3.11  Upper-Level  Winds 

Although  statistical  methods  have  been  used  extensively  in  the  climatology 
of  upper-air  winds,  very  little  effort  has  been  devoted  to  prediction.  This  is 
quite  understandable  because  winds  can  be  derived  from  heights  of  constant  pres¬ 
sure  surfaces  and  fairly  accurate  prognostic  charts  of  the  850-,  500-.,  and  200-mb 
levels  are  being  prepared  and  widely  disseminated  twice  a  day  by  the  National 
Meteorological  Center.  The  winds  can  be  obtained  by  the  geostrophie  or  gradient 
wind  equation  or  by  statistical  methods.  Two  examples  of  such  methods  are 
St.  John  [49]  and  Spiegler,  et  al.  [CO], 
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For  use  in  flight  planning,  St.  John  developed  a  series  of  regression  equa¬ 
tions  relating  the  wind  at  dependent  levels  to  stream-function  forecasts.  Spiegler 
derived  regression  equations  for  vertically  extrapolating  height  values  from  prog¬ 
nostic  500-  and  200-mb  charts  to  produce  prognostic  height  charts  at  strato¬ 
spheric  levels.  Both  St.  John  and  Spiegler  are  attempting  to  refine  their  equations. 

This  two-stage  procedure  of  first  predicting  heights  by  dynamical  methods 
and  then  obtaining  certain  winds  by  statistical  methods  is,  in  our  opinion,  quite 
correct.  It  is  highly  doubtful  that  any  statistical  method  could  compete  with  the 
dynamical  method  for  producing  prognostic  height  charts.  The  interpolation  or 
extrapolation  to  heights  other  than  those  of  the  prognostic  charts  could  be  done 
by  other  than  statistical  methods.  However,  both  St.  John’s  and  Spiegler’s  work 
indicates  that  statistical  methods  give  reasonably  accurate  predictions  and  both 
methods  have  been  programmed  for  real-time  use.  In  view  of  the  continuing 
effort  by  both  groups,  nc  further  work  in  statistical  prediction  of  upper-level 
winds  is  recommended.  This,  of  course,  is  subject  to  change  if  very  special 
problems  arise,  such  as  nuclear  fall-out,  missile  launching,  or  re-entry  of 
spacecraft. 

4.3.3.12  Ionospheric  Charge  Density  and  Structure 

The  amount  of  effort  expended  on  research  on  the  ion  density  and  structure 
of  the  ionosphere  is  simply  enormous.  A  bibliography  of  several  hundred  arti¬ 
cles  was  prepared  in  June  1962  [51]  and  it  was  found  necessary  to  compile  a 
second  bibliography  only  4  months  later  [52] .  No  attempt  will  be  made  to  cover 
the  entire  field,  rather  attention  will  be  focused  on  one  specific  type  of  prediction. 

Radiation  from  the  sun  causes  ionization  of  the  atmosphere  at  high  alti¬ 
tudes  in  several  distinct  ionospheric  layers  or  regions.  In  order  of  increasing 
altitude  and  increasing  ion  concentration,  they  are  called  the  D,  E,  F  ,  and  F 

X  u 

regions  whose  approximate  heights  are  60--85  km,  85—140  km,  140-200  km,  and 

200-1300  km  respectively.  There  is  a  generally  accepted  nomenclature  for  the 

properties  of  the  different  regions:  N  D,  N  E,  N  F„ ,  and  N  F_  denote  the 

m  m  m  1  m2 

maximum  electron  concentrations;  h  D,  h  E,  etc.  denote  the  heights  of  the  peak 

mm 

concentrations,  and  fD  at?,  are  the  lowest  radio  frequencies  which  can  penetrate 
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the  various  regions  at  normal  incidence. 

Predictions  of  these  properties  are  made  primarily  for  use  in  radio  com¬ 
munication.  The  variation  in  the  values  of  the  properties  affects  transmission 
of  different  frequencies  of  radio  waves  in  a  complicated  manner.  In  the  United 
States,  ionospheric  prediction  is  made  by  the  Central  Radio  Propagation  Labora¬ 
tory  (CRPL)  of  the  P.S.  Bureau  of  Standards.  Tueir  predictions  take  the  form  of 
hemispheric  maps  of  monthly  median  values  of  certain  of  the  ionospheric  proper¬ 
ties  at  specific  hours  of  the  day.  That  is,  there  could  be  24  maps,  one  for  each 
hour,  with  isolines  of  N  F, .  The  method  of  prediction  is  a  sort  of  climatology. 

It  is  known  that  the  ionospheric  properties  have  a  diurnal,  seasonal,  and  geo¬ 
graphical  variation  and  also  a  variation  with  the  sunspot  cycle.  The  diurnal, 
seasonal,  and  solar-cycle  variations  at  any  one  station  can  be  obtained  from 
historical  records,  or,  if  none  exist,  by  interpolation  from  nearby  stations^ 

When  a  prediction  is  to  be  made,  the  hour  and  season  are  known,  and  the  position 
in  the  sunspot  cycle  is  estimated  by  first  taking  an  average  cycle,  made  up  from 
the  past  17  cycles,  then  locating  the  current  month's  sunspot  number  in  this 
average  cycle  and,  finally,  extrapolating  one  month  ahead.  This  description  is, 
of  course,  grossly  oversimplified.  For  example,  the  “interpolation  from  nearby 
stations”  is  done  by  electronic  computer  using  Fourier  analysis  and  global 
spherical  harmonics  [53]. 

The  CRPL  predictions  are  monthly  median  values  and  do  not  forecast 
variations  about  the  medians.  These  variations  can  be  quite  large.  It  is  well- 
known  that  severe  interference  to  certain  kinds  of  radio  communications,  partic¬ 
ularly  in  higher  latitudes,  is  caused  by  sudden  magnetic  storms  which,  in  turn, 
are  due  to  sudden  activity  on  the  sun.  Unfortunately,  there  is  very  little  lag 
between  the  onset  of  such  activity  and  the  change  in  ion  density.  Although 
effort  has  been  devoted  to  predict  the  storms,  there  has  been  only  limited  suc¬ 
cess.  The  only  predictive  information  chines  from  the  magnetic  storm  inform¬ 
ation  itself  in  the  form  of  some  27-  and  54-day  periodicity  and  from  persistence 
cf  the  last  observed  value. 

There  is  now  beginning  a  concerted  effort  to  predict  the  time  of  onset 
of  radiation  hazardous  to  man  in  space.  A  good  deal  of  data  will  be  collected 
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for  many  indices  of  solar  activity  on  very  short  cycling  times.  The  greatest 
promise,  for  the  near-future,  in  short-period  ionospheric  prediction  is  to  relate 
these  data  tc  the  values  representing  the  various  properties  of  the  ionosphere. 
There  is  no  doubt  that  the  statistical  prediction  methods  described  in  previous 
sections  could  be  used  extensively  and  profitably  in  developing  such  relations. 

4.3.3.13  Ozone 

The  research  effort  devoted  to  ozone  in  the  upper  atmosphere,  although 
not  as  huge  as  that  devoted  to  the  ionosphere,  is  quite  large.  Again,  no  attempt 
will  be  made  to  cover  the  field.  However,  there  can  be  no  concentration  on  any 
prediction  methods  because  there  does  not  appear  to  be  any  direct  prediction 
whatsoever  of  ozone  amounts,  heights,  or  distribution.  Research  on  ozone  is 
motivated  primarily  by  the  effects  of  ozone  on  radiation.  Absorption  by  atmos¬ 
pheric  ozone  produces  a  cut-off  for  solar  radiation  spectra  at  about  3000  ang¬ 
strom  units.  The  variations  in  the  amount  and  height  of  ozone  over  the  globe 
produce  important  effects  on  the  radiational  balance  and  heat  transfer  in  the 
atmosphere;  these  in  turn  are  of  great  importance  in  numerical  models  of 
atmospheric  circulation. 

There  does  not  appear  to  be  any  inherent  difficulty  in  predicting  ozone 
amounts  and  distributions.  From  theoretical  considerations  and  observational 
evidence  it  is  know  that  there  are  height,  latitudinal,  seasonal,  air  mass,  diurnal, 
and  synoptic  variations  in  amount  of  ozone.  There  have  been  a  number  of  studies 
relating  ozone  amounts  to  meteorological  factors  on  a  contemporaneous  basis. 
For  example,  in  [57]  total  ozone  amount  is  correlated  with  temperature,  geo¬ 
potential  height,  and  north-south  wind  component  at  100  mb.  Quite  respectable 
correlations  are  obtained.  In  [55],  significant  cr  relations  were  obtained  between 
ozone  amount  and  vertical  movements,  temperature,  and  vorticity  at  the  100-mb 
level.  And,  as  a  final  example,  the  relationships  between  ozone  and  meteorologi¬ 
cal-factors,  i.e.,  250-mb  height,  tropopause  height,  100-30-mb  thickness,  etc., 
were  analytically  investigated  in  [56].  Thus,  by  predicting  these  stratospheric 
factors  and  using'  the  proven  simultaneous  relationships  predictions  of  ozone 
could  be  made. 
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If  ozone  predictions  are  ever  needed,  there  is  no  doubt  that  the  predictions 
could  be  made  statistically.  In  fact,  at  the  present  time,  it  is  the  opinion  here 
that  this  is  undoubtedly  the -best  method.  The  theory  of  ozone  production  by 
photochemical  reaction,  the  principal  cause,  is  reasonably  well-known.  But  the 
ozone  remains  in  the  atmosphere  for  considerable  lengths  of  time  and  is  subject 
to  movements,  both  horizontal  and  vertical,  by  the  stratospheric  and  upper- 
tropospheric  winds.  So  prediction  of  the  winds  is  required,  along  with  some 
knowledge  of  the  current  distribution  of  ozone  and  the  relationships  between 
ozone  amounts  and  the  wind.  All  these  factors  are  amenable  to  statistical  .analy¬ 
sis. 

4.3.4  Oceanographic  Phenomena 

There  is  much  less  statistical  prediction  in  oceanography  than  in  meteor¬ 
ology.  There  appear  to  be  four  main  causes:  meteorological  prediction  directly 
affects  many  more  people  and,  consequently,  a  greater  effort  is  devoted  to  it; 
oceanographic  observations  are  much  more  expensive  to  obtain  than  atmospheric 
observations  and,  therefore,  long  series  of  relatively  homogeneous  data  required 
for  development  of  statistical  methods  are  not  available  for  many  parameters 
and  in  many  areas;  until  the  recent  establishment  of  the  National  Oceanographic 
Data  Center,  the  observations  were  not  in  a  form  suitable  for  use  in  high-speed 
computers;  and,  finally,  many  oceanographic  prediction  problems  are  wholly  or 
partly  meteorological  in  nature  (an  outstanding  example  is  the  prediction  of 
ocean  wave  heights). 

There  are  some  highly  sophisticated  statistical  techniques  being  used  in 
oceanography  today,  primarily  for  describing  the  state  of  the  sea  by  spectral 
analysis.  (See  [57]  for  a  description  of  ocean  wave  spectra.)  However,  this 
same  degree  of  sophistication  does  not  carry  over  to  oceanographic  prediction 
except  in  isolated  cases.  It  is  the  opinion  here  that  this  situation  should  be 
corrected  and  that  several  oceanographic  prediction  problems  can  be  solved  by 
statistical  methods.  Some  examples  ars  given  in  the  sections  following. 

4, 3.4.1  Surface  Waves 

The  effort  devoted  to  the  prediction  of  surface  waves  far  exceeds  that 
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devoted  to  any  other  prediction  problem  in  oceanography.  The  reason  for  this 
i3  probably  the  importance  of  such  forecasts  to  the  Navy,  where  so  many  oper¬ 
ations  conducted  at  sea  are  affected  by  surface  wave  conditions,  to  civilian  shin 
operations,  to  off-shore  oil  drilling,  etc. 

By  far  the  best  source  of  information  about  the  present  status  of  research 
on  wind-generated  waves  is  Ocean  Wave  Spectra,  the  proceedings  of  a  conference 
held  at  Easton,  Maryland  in  1961  (57].  Some  30  formal  papers  are  presented 
along  with  a  good  deal  of  formal  and  informal  discussion.  Scattered  throughout 
this  volume  is  considerable  information  on  prediction  of  surface  waves.  A 
review  article  on  wind  waves  is  given  in  [58]  and  a  brief  summary  of  research 
in  1960-62  is  given  by  Pierson  (59]. 

The  theory  on  wave  generation  is  not  sufficiently  advanced  to  have  fore¬ 
casts  produced  by,  say,  a  set  of  dynamic  equations.  In  1956,  Ursell  stated  flatly 
that,  “(knowledge  of]  the  generation  of  waves  by  wind  and  growth  of  the  wave 
spectrum  [is  ]  at  the  present  time  with  few  exceptions  either  empirical  and  con¬ 
cerned  only  in  part  with  hydrodynamics  or  theoretical  and  incapable  of  explain¬ 
ing  the  facts”  (60].  Five  years  later,  Barber  and  Tucker  echoed  this  sentiment 
by  stating,  “The  fundamental  theory  of  the  generation  of  waves  by  wind  has  not 
yet  reached  the  stage  where  it  usefully  can  be  applied  to  practical  wave  pre¬ 
diction. ...Though  some  practice1  wave  predictions  are  based  on  formulas 
derived  partly  theoretically,  the  theory  is  in  all  cases  unsatisfactory,  and  the 
formulas  can  only  be  relied  upon  to  the  extent  to  which  experience  has  shown 
them  to  be  reliable”  [58]. 

In  any  forecast  problem  the  first  task  is  to  decide  what  to  forecast  and 
for  surface  waves  this  is  not  as  simple  as  for  the  meteorological  examples 
discussed  in  Section  2.  A  complete  description  of  an  observed  wave  pattern  is 
an  extremely  complicated  affair.  The  present  trend  in  oceanography  is  to  apply 
spectral  analysis  to  reduce  the  number  of  values  needed  to  describe  a  chaotic 
sea.  and,  because  of  difficulties  in  observation,  roost  attention  has  been  directed 
toward  one -dimensional  spectra  wherein  the  direction  of  the  waves  is  ignored 
and  all  that  is  measured  is  the  mean  square  oscillation  of  the  sea  height  over  a 
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scale  of  frequency.  The  spectrum  is  then  taken  to  be  related  to  the  speed,  dura¬ 
tion,  and  fetch  of  the  surface  wind.  Unfortunately,  there  is  considerable  dis¬ 
agreement  about  the  form  of  this  relationship.  A  number  of  “theoretical”  wave 
spectra  have  been  worked  out  and  published  by  various  authors  but  when  given 
the  same  wind  characteristics  the  resulting  spectra  are  different.  Walden  [61] 
has  discussed  some  of  these  differences. 

Despite  all  these  difficulties  wave  forecasts  are  being  made  on  a  routine 
basis.  As  would  be  expected  from  the  above  discussion  there  are  differences  of 
opinion  about  the  best  way  to  produce  these  forecasts  with  each  country  using  a 
somewhat  different  procedure.  Here  in  the  United  States,  the  two  primary 
methods  are  those  devised  by  Pierson,  Neumann,  and  James  [7]  and  the  method 
that  evolved  from  the  work  of  Sverdrup,  Munk,  and  Bretschneider  [62], 

The  day-to-day  forecasting  operations  are  carried  on  in  the  United  States 
by  the  U.S.  Navy  Fleet  Numerical  Weather  Facility  at  Monterey,  California  under 
the  direction  of  Commander  Paul  M.  Wolff.  Their  procedures  are  described 
briefly  in  three  progress  reports  [63].  They  do  not  predict  the  spectrum  but  the 
“significant  wave  height”  which  is  defined  as  the  arithmetic  mean  of  the  heights 
of  the  highest  one-third  of  all  waves.  They  go  through  a  four-stage  procedure  of 
first  predicting  the  500-mb  height  surface,  then  the  sea-level  pressure  field, 
which  in  turn  is  converted  to  a  sea-level  wind  field,  and  finally  this  is  used  to 
forecast  the  waves.  In  a  continuing  operation  such  as  this  one  it  is  dangerous 
to  detail  the  methods  used  in  each  stage  because  they  change  so  often.  Never¬ 
theless,  a  brief  description  is  presented  below  in  order  to  aid  in  understanding 
a  subsequent  discussion  on  the  possible  role  of  statistical  techniques. 

The  500-mb  heights  are  forecasted  by  a  two-level  b.-rotropic  model.  The 
surface  pressure  forecast  includes  part  of  the  500-mb  height  change  added  to 
a  temperature  advection  term  at  850-mb  to  produce  a  surface  tendency.  They 
have  modified  this  procedure  to  include  better  n, ensures  of  steering  and  they 
are  using  the  Veigas-Ostby  statistical  forecasts  of  the  movement  and  central 
pressure  of  cyclones.  The  winds  are  obtained  from  the  surface  pressures  by 
taking  75  percent  of  the  geostrophic  winds  and  turning  the  wind  15  degrees 


across  the  isobars  toward  lower  pressure.  The  factor  of  75  percent  is  reduced  to 
60  percent  for  southerly  winds.  The  sea  and  swell  forecasts  are  derived  from  the 
wind  field  using  the  methods  of  Sverdrup,  Munk  and  Bretschneider.  An  empirical 
correction  is  added  to  the  forecast  by  comparing  the  forecasted  values  to  those 
observed  at  weather  ships.  At  the  end  of  the  month  a  ratio  of  the  two  is  obtained 
and  is  used  to  adjust  the  forecasts  in  the  subsequent  month. 

Although  there  are  empirical  correction  factors  used  in  the  present  pro¬ 
cedure,  statistical  prediction  methods  are  not  used  at  any  stage.  In  the  first 
stage,  the  500-mb  forecast,  it  is  highly  doubtful  that  any  statistical  method,  could 
do  as  well.  In  the  second  stage,  the  sea-level  pressure  forecast,  the  situation  is 
not  so  clear-cut.  Klein  [17]  has  developed  a  series  of  regression  equations  for 
obtaining  sea-level  pressures  from  upper-air  prognostic  charts.  On  a  limited 
scale  he  has  applied  the  equations  and  compared  his  results  with  similar  fore¬ 
casts  made  by  the  National  Meteorological  Center  using  the  Reed  model.  His 
forecasts  compare  favorably  and  are  particularly  good  over  the  oceans.  Work 
similar  to  Klein’s  is  being  pursued  at  The  Travelers  Research  Center,  Inc.  and 
plans  are  underway  to  compare  these  forecasts  with  both  Klein’s  and  the  Reed 
model  forecasts.  Apparently  there  have  been  no  comparisons  of  forecasts  by 
any  of  these  three  methods  with  those  produced  by  the  Fleet  Facility.  This  is, 
in  our  opinion,  an  error.  As  stated  by  the  Fleet  Facility,  the  major  sources  of 
error  in  forecasting  waves  is  in  forecasting  the  winds.  At  the  very  least,  the 
work  planned  to  compare  the  three  other  methods  should  include  the  Fleet  Facili¬ 
ty’s  forecasts. 

Obtaining  winds  from  pressures  is  almost  a  field  in  itself.  That  the  Fleet 
Facility  has  run  into  difficulties  is  evident  from  their  use  of  a  different  factor 
for  southerly  flow.  Further,  the  use  of  a  15  degree  turning  and  a  reduction 
factor  of  70  percent  are  more  or  less  arbitrary.  Statistics  could  help  here  by 
relating  the  pressure  field  to  observed  winds,  say  at  weather  ships,  by  means 
of  regression  equations.  With  the  use  of  screening  regression  a  great  many 
factors  could  be  taken  into  consideration,  such  as  time  of  day,  season,  direction 
of  the  wind,  curvature  of  the  isobars,  latitude,  nearness  to  coasts,  etc. 
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The  fourth  stage,  obtaining  sea  heights  from  the  wind  field,  is  essentially 
an  empirical  procedure  involving  the  relationship  between  the  sea  heights  and 
periods  as  a  function  of  wind  speed,  duration,  and  fetch.  In  August  1963  a  new 
swell -forecast  program  was  being  planned  by  the  Fleet  Weather  Facility  to 
obtain  the  highest  swell  which  would  reach  any  point  by  estimating  the  speed 
and  direction  of  movement  of  waves  generated  in  stormy  areas.  It  is  not  known 
at  this  time  whether  statistical  procedures  can  be  of  use  here. 

Two  final  points  are  of  importance.  The  first  one  concerns  verification., 
or  the  lack  thereof,  of  the  forecasts.  Although  statements  are  made  in  the 
progress  reports  [63]  about  the  accuracy  of  the  sea-height  forecasts  there  does 
not  appear  to  be  any  formal  program  of  verification  or,  at  least,  the  results 
are  not  published.  Although  such  verification  is  not  an  easy  task  because  of 
the  errors  in  observation  of  wa\  a  heights, it  is  difficult  to  see  how  improvements 
in  forecasting  can  be  made  if  we  cannot  measure  the  results  of  new  techniques, 
and  it  is  also  difficult  to  see  how  the  forecasts  can  be  used  if  no  one  knows  how 
good  they  are.  Before  any  statistical  methods  can  be  used  in  the  forecasting 
procedure  it  is  essential  that  verification  results  be  published. 

The  second  point  is  much  more  radical:  why  go  through  the  entire  fore¬ 
cast  procedure  at  all;  why  not  go  directly  from  the  upper-air  prognostic  charts 
to  sea  height  forecasts  by  means  of  a  statistical  prediction  procedure  such  as 
regression  or  discriminant  analysis?  Admittedly,  this  is  a  large  task  but, 
because  of  the  present  state  of  the  theory,  it  may  do  as  well  or  better  than  the 
present  procedure.  It  would  be  desirable  to  give  some  attention  'o  this  idea,  at 
least  to  the  point  of  conducting  a  feasibility  study.  The  spectra  computed  by 
Moskowitz  from  sea-borne  wave-recording  equipment  aboard  British  weather 
ships  [64]  would  provide  an  excellent  source  of  data  for  such  a  study. 

413.4,2  Internal  Waves 

No  prediction  of  any  kinc  appears  to  have  been  attempted  and  the  data 
available  are  far  too  sparse  for  development  of  any  statistical  prediction 
methods. 
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4 . 3,4.3  Ocean  Currents 


There  is  insufficient  data  to  develop  any  statistical  technique  for  predicting 
either  surface  or  subsurface  ocean  currents.  For  tidal  currents  the  situation  is 
a  little  different.  The  astronomic  arid  gravimetric  forces  that  cause  tides  are 
quite  well-known  [65,  9],  These  give  an  equation  with  tide  height  expressed  as  a 
function  of  37  trigonometric  terms.  The  terms  have  unknown  constants  which 
depend  on  location  and  these  are  determined  from  observations  by  a  least  squares 
procedure.  The  procedure  has  recently  been  programmed  for  high-speed  com¬ 
puters  [66].  Since  quite  accurate  estimates  of  the  tide  height  can  be  computed 
for  any  instant  of  time,  then  good  estimates  of  the  tidal  current  can  be  obtained 
by  examining  the  physical  characteristics  of  the  tidal  current  area.  It  is  felt 
that  this  procedure  would  probably  prove  superior  to  any  statistical  method. 

4. 3.4 .4  Tsunamis 

Tsunamis  are  long  waves  in  the  ocean  excited  by  sudden  disturbances  in 
the  earth’s  crust  caused  by  earthquakes,  land  slides,  or  submarine  volcanic 
eruptions.  The  waves  traverse  the  oceans  to  distant  shores  where  they  may 
cause  substantial  loss  of  life  and  property.  Long  waves  can  be  generated  by 
underwater  nuclear  explosions,  but  such  waves  contain  much  less  energy  than 
the  larger,  naturally-caused,  waves  [67]. 

There  are  two  parts  to  the  prediction  problem,  time  of  arrival  of  the  waves 
and  their  height.  The  U.S.  Coast  and  Geodetic  Survey  (CGS)  maintains  a  tsunami 
warning  system  in  the  Pacific  Ocean  area  to  furnish  estimated  times  of  arrival 
at  various  islands  and  coastlines.  They  use  the  method  devised  by  Zetler  [68] 
and  in  real-time  forecasting  the  estimated  and  actual  times  of  travel  of  the 
waves  agree  within  2-1/2  percent.  Some  work  is  bemg  pursued  to  reduce  even 
this  small  error  by  obtaining  better  measurements  of  the  depth  of  the  ocean 
bottom  and  recomputing  the  path  from  an  earthquake  epicenter  to  the  tidal  guage. 
Certainly,  no  statistical  method  could  do  as  well. 

The  situation  in  predicting  the  height  ot  the  waves  is  much  different.  The 
CGS  does  not  issue  height  forecasts  because  of  the  difficulty  of  the  problem. 

There  have  been  several  attempts  to  relate  seismic  measurements  to  tsunami 
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activity  but  Munk  concludes  that,  ‘'The  observed  fact  is  that  two  earthquates  which 
are  aeismically  undistinguish  able  with  regard  to  location  and  evergy  can  generate 
tsunamis  whose  amplitudes  differ  by  an  order  of  magnitude*'  [69],  Another  factor 
is  that  no  one  has  ever  seen  or  measured  a  tsunami  in  the  open  ocean.  Tide  guage 
records  represent  most  of  the  tsunami  data  presently  available  but  these  are  almost 
all  in  bays  and  harbors  and  are  not  representative  since  movements  of  the  gua 
oy  even  a  few  hundred  yards  change  the  records  considerably.  Zetler,  et  al.  [70] 
have  outlined  some  research  being  carried  on  tc  improve  the  height  forecasts  and 
Van  Dorn  [71]  has  summarized  current  research  on  tsunamis. 

It  is  concluded  that  at  the  present  time  statistical  methods  have  little  to  offer 
to  improve  forecasting  of  tsunamis. 

4. 3.4.5  Storm  Surges 

Surges  are  abnormally  high  water  levels  along  the  coasts  associated  with  the 
passage  of  hurricanes  and  other  severe  storms  [72].  From  the  point  of  view  of  the 
spectrum  of  sea  level,  surges  have  dominant  periods  of  1  to  100  hours,  falling 
between  the  tsunamis  and  the  lower  frequency  astronomical  tides  [73].  The  water 
lefel  due  to  the  storm  is  the  deviation  of  the  level  from  what  would  have  occurred 
in  the  absence  of  the  storm  or,  in  practice,  the  normal  level  due  to  tides. 

A  great  deal  of  effort  has  been  and  is  being  devoted  to  developing  methods 
for  predicting  surges,  see  [73],  [74],  [75],  [76],  and  [72]  for  reviews  of  surge  pre¬ 
diction.  A  few  highlights  follow. 

Numerical-dynamical  approaches  to  surge  prediction  have  led  to  a  better  under¬ 
standing  of  the  surge  phenomena,  but  they  have  not  led  to  the  development  of  ar.y  out¬ 
standingly  successful  prediction  system.  As  far  as  can  be  ascertained,  nore  of  the 
countries  making  surge  predictions  are  using  the  numerical  approach.  This  is  in 
sharp  contrast  to  Welander’s  optimism  in  1961  [74].  But,  as  pointed  out  by  Harris, 

“A  unified  theory  of  the  hydrodynamic  processes  involved  in  slcrm  surge  genera¬ 
tion  has  been  proffered  by  Fortak  [77]  ...  but  much  additional  developmental  work  will 
be  needed  before  the  results  can  be  used  in  quantitative  calculations.” 
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A  second  approach  is  essentially  statistical.  These  use  direct  relations  between 
the  wind  and  pressure  and  the  height  of  the  surge  at  some  specific  tide  guage.  This 
latter  condition  eliminates  the  need  for  considering  the  physical  characteristics  at 
and  near  the  guage — e.g.,  bottom  bathymetry,  size  and  shape  of  harbor  or  bay, 
orientation  cf  sea  coast,  flatness  of  land,  etc. — which  influence  the  surge  over  and 
beyond  the  influence  of  the  storm.  Articles  have  appeared  describing  the  development 
of  such  relationships  at  locations  in  the  United  States,  Japan,  Great  Eritain,  Germany 
and  the  Netherlands.  These  relationships  are  being  used  by  the  meteorological  ser¬ 
vices  in  routine  operations  at  least  in  the  United  States  (78]  and  Japan  [79]  and  pro¬ 
bably  in  other  countries  as  well. 

Recently,  the  screening  regression  technique  has  beei.  introduced  into  storm 
surge  forecasting,  the  work  of  Pore  [80]  being  an  excellent  sample.  Pore  developed 
multiple  regression  equations  for  predicting  storm  surge  at  Atlantic  City  from  on¬ 
shore  and  along-shore  wind  components,  and  atmospheric  pressure  at  three  stations 
with  various  time  lags.  When  tested  on  independent  data,  the  forecast  root-mean- 
square-error  was  about  0.5  for  6-hour  forecasts. 

Tnis  work  of  Pore,  and  other  work,  particularly  by  Harris,  clearly  indicate 
that  the  statistical  technique  of  screening  regression  can  be  used  to  develop  useful 
forecasting  equations.  It  is  strongly  recommended  that  the  method  be  applied  to 
other  stations.  Also,  the  method  should  be  tested  with  prognostic  data  as  input  to 
the  regression  equations  to  measure  the  forecast  accuracy  for  periods  beyond  six 
hours. 

4. 3.4.6  Oceanic  Turbulence 

An  exposition  of  the  various  sized  eddies  and  vortices  encompassed  in  the 
term  “oceanic  turbulence”  is  given  by  Gates  in  Appendix  S  of  this  report. 

They  range  from  fine-grain  turbulence  of  less  than  one  meter  to  wind-driven  gyres 
thousands  of  kilometers  across-  Thus,  the  prediction  of  any  movement  of  the  sea 
may  be  considered  to  be  prediction  of  “oceanic  turbulence”.  It  is  felt  that  the 
discussions  cf  statistical  predictability  presented  here  in  Section  4.3.4  adequately 
cover  oceanic  turbulence.  The  scales  of  motion  for  which  statistical  predictibility 
appear  to  be  feasible  include  tidal  vortices  (Section  4. 3.4. 3),  and  sea-surface  wave 
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eddies  (Section  4. 3.4.1),  including  storm  surges  (Section  4. 3.4.5). 

4. 3.4.7  Submarine  Eruptions 

Submarine  bottom  slides  and  volcanic  eruptions  are  of  interest  because  they 
may  cause  tsunamis.  See  Section  4. 3.4.4  on  tsunami  prediction  and  Section  4.3.2  on 
prediction  of  geological  phenomena. 

4. fk5 Other  Phenomena 

4.3.5 .1  Visual  Phenomena 

Included  in  the  term  “visual  phenomena”  are  rainbows,  sun  dogs,  St.  Elmo’s 
fire,  and  mirages.  Rainbows  and  mirages  do  not  need  to  be  defined.  Sun  dogs ,  also 
called  parhelia,  are  two  colored  luminous  spots  that  appear  at  points  22°  (or  4G°1 
on  both  sides  of  the  sun  at  the  same  elevation  as  the  sun.  They  are  produced  by 
refraction  in  hexagonal  crystals  falling  with  principal  axes  vertical.  St.  Elmo’s 
fire,  also  known  as  coronal  discharge,  is  a  luminous  and  often  audible  discharge 
which  occurs  from  objects,  especially  pointed  ones,  when  the  electric  field  strength 
near  their  surfaces  attains  a  value  near  1000  volts  per  cm.  St.  Elmo’s  fire  some¬ 
times  develops  on  aircraft  flying  through  active  electrical  storms  and  on  yards 
and  masts  of  ships  at  sea  during  stormy  weather  [81). 

It  appears  that  no  prediction  whatsoever  has  been  attempted  for  any  of  the 
four  visual  phenomena.  Static lical  prediction  methods  do  not  appear  lo  be  practi¬ 
cal  at  the  present  time  because  no  historical  sample  of  data  is  readily  available. 
The  best  approach  to  developing  prediction  methods  appears  to  be  a  physical  one. 
The  meteorological  conditions  giving  rise  to  the  phenomena  are  reasonably  well- 
known  and,  therefore,  the  prediction  problem  reduces  to  predicting  these  meteoro¬ 
logical  factors. 

4. 3.5. 2  Magnetic  Storms 

Some  remarks  on  prediction  of  magnetic  storms  are  given  in  Section  4..3.3.12. 
The  possible  prediction  of  solar  flares,  discussed  in  the  following  section,  is  of 
interest  also  because  magnetic  storms  are  associated  with  enhanced  solar  activity. 


65 


4, 3.5. 3  Hazardous  interplanetary  Radiation 

If  operations  in  the  space  environment  follow  the  course  of  operations  in  the 
air  environment,  there  will  be  growing  need  for  prediction  of  hazardous  space  envi¬ 
ronmental  conditions.  It  appears  that  energetic  solar  corpuscular  radiation  is  the 
most  serious  hazard  to  manned  space  flight  and  that  such  radiation  is  associated 
with  the  occurrence  of  large  solar  flares.  Thus,  the  prediction  of  flares  is  import¬ 
ant. 

Flares,  at  least  large  ones,  are  usually  short-lived  phenomena,  increasing  to 
maximum  brightness  in  5  to  10  minutes,  with  a  slower  decline  which  typically  lasts 
20  to  30  minutes.  Flares  occur  only  in  active  solar  regions,  they  vary  considerably, 
both  in  size  and  brightness,  and  their  shapes  are  highly  irregilar. 

A  rust  of  solar  phenomena,  tor  possible  use  in  flare  prediction,  are  observed 
either  optically,  at  radio  frequencies,  or  as  a  consequence  of  their  geophysical 
effects.  Although  the  mechanisms  producing  these  phenomena,  and  in  particular 
those  that  appear  to  be  responsible  for  energetic  particle  emission,  are  not  com¬ 
pletely  understood,  a  com  - -range merit  of  partial  associations  is  known  to  exist 

among  the  various  phenoi  ecause  of  the  lack  of  knowledge  of  the  physics, 

it  is  felt  that  the  application  of  statistical  techniques  would  provide  a  promising 
avenue  for  the  development  of  prediction  techniques.  Some  considerations  on  such 
an  approach  follow. 

As  a  first  step,  the  prediction  of  flare  occurrence  in  a  pre-existing  active 
region  could  be  considered.  The  predictand  would  be  the  probability  of  occurrence 
of  a  flare  falling  into  a  specified  class  within  a  specified  time  period.  The  predic¬ 
tors  would  include,  among  other  variables,  those  features  of  sun  which  provide 
evidence  of  the  appearance  of  an  active  region,  including  photospheric  faculae, 
chromospheric  plages,  and  sunspot  values.  For  very  short  per'-.ods,  0-24  hr,  the 
pa?;,  history  of  solar  flare  activity  would  probably  prove  to  be  a  good  predictor. 

The  statistical  techniques  of  autoregression  and  multiple  d»scriminant  analysis 
appear  to  be  particularly  applicable  here. 
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A  second  step  might  include  the  prediction  of  the  development  of  new  active 
regions,  a  process  requiring  several  days.  While  this  prediction  problem  is  impoit- 
and,  it  is  extremely  difficult  because  it  invol  /es  the  prediction  of  both  the  time  and 
place  of  occurrence.  On  a  longer  time  scale,  the  general  level  of  solar  activity  might 
be  predicted.  Such  predictions  would  be  phrased  in  general  terms  applicable  to  one 
or  more  solar  rotations .  In  both  these  problems,  the  statistical  technique  of  screen¬ 
ing  multiple  discriminant  analysis  would  be  applied. 


4.4  The  Predictability  of  Geophysical  Phenomena  by  Dynamical 
Methods* 

4.4.1  Introduction 

In  the  present  survey,  only  those  geophysical  phenomena  which  are  in  some 
respect  predictable  by  dynamical  methods  are  considered.  The  many  interesting 
phenomena  for  which  there  exist  only  statistical  or  empirical  prediction  methods 
are  therefore  excluded.  Here  we  shall  consider  a  dynamical  method  as  one  based 
upon  a  theoretical  formulation  for  the  occurrence,  development  and/or  dissolution 
of  the  phenomena,  or  one  which  theoretically  prescribes  the  phenomena’s  structure 
iii  terms  of  the  primary  variables  or  parameters. 

Tor  each  meteorological  and  oceanographical  phenomenon  for  which  there 
exists  a  significant  dynamical  predictability,  we  shall  briefly  consider  the  phenomenon’s 
characteristic  time  and  space  scales,  and  present  relative  estimates  of  the  dynamic 
predictability  of  the  phenomenon’s  location,  structure  and  behavior  during  the 
occurrence,  development  and  dissolution  3tages. 

These  predictability  estimates  aremade  on  a  subjective  basis  and  the  stated 
accuracy  or  percentage  predictability  should  be  understood  as  the  percentage  of 
the  natural  variability  which  is  accounted  for  by  prediction.  It  should  also  be 
noted  that  these  estimates  are  based  upon  present  operational  capability  as  well 
as  the  capabilities  of  presently  feasible  systems.  Some  of  the  developments  which 
appear  necessary  to  attain  and  even  surpass  these  predictability  levels  are  also 
briefly  discussed. 


*By  W.  L.  Gates 
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Large-scale  atmospheric  disturbances. 
Synoptic-scale  atmospheric  disturbances. 
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Sea  breeze 

Thunderstorm 

Convective  cloud 
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Fig.  4-1.  Summary  of  atmospheric  phenomena. 


4.4,2  Large-scale  Atmospheric  Disturbances 

4.4.2. 1  Dynamic  Predictability  Summary 
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4.4.2. 2  Introduction 

The  large-scale  atmospheric  disturbances  or  long  atmospheric  waves  are 
the  major  disturbances  of  the  world-wide  atmospheric  circulation,  and  are  respon¬ 
sible  for  the  bulk  of  the  atmospheric  heat  and  momentum  transport.  The  first 
practical  demonstration  of  the  dymonical  predictability  of  these  disturbances  was 
made  in  1950  [82],  and  has  subsequently  been  somewhat  extended  and  developed  as 
the  familiar  area  of  numerical  weather  forecasting.  On  the  basis  of  the  barotropic 
model  [83],  the  movement  and  structural  changes  (intensity  and  shape)  of  the  large- 
scale  mid-trcpospheric  disturbances  are  now  routinely  forecast  over  the  northern 
hemisphere  [84],  with  approximately  60%  of  the  observed  variance  accounted  for  at 
500  mb  over  periods  of  a  day  or  two.  The  use  oi  baroclinic  models  results  in  an 
increased  accuracy  in  the  development  stage,  as  well  as  handling  the  associated 
lower-level  distrubances  more  adequately  [85].  The  use  of  such  models  also 
permits  the  prediction  of  certain  aspects  of  the  occlusion  process. 

4M.2. 3  Predictability  Survey 

4.4.2. 3.1  Occurrence 

4.4.2. 3.1.1  Location 

The  position  of  an  incipient  large-scale  disturbance  is  given  by  baroclinic 
models  generally  in  the  vicinity  of  intense  wind  shear  and  large  horizontal  temperature 
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gradients.  An  accuracy  of  about  +  600  km  exists  for  the  position  of  an  incipient 
wave  trough  or.  the  basis  of  3-  and  4-level  baroclinic  models  [86,  87], 

4.4.2, 3.1,2  Time 

The  time  of  occurrence  of  a  large-scale  disturbance  can  be  predicted  with 
an  accuracy  of  about  +  6  hr  with  the  multi-level  baroclinic  models  [86],  but  even 
then  a  relatively  large  number  of  occurrences  will  probably  not.  be  forecast. 

4.4.2.  3.1.3  Initial  Structure 

The  structure  of  the  incipient  disturbance  is  given  with  any  significant 
accuracy  only  by  the  higher-resolution  baroclinic  models  [85],  A  reasonable 
gross  structural  representation  is  also  given  by  the  linearized  dynamic  models 
for  the  three-dimensional  temperature  and  wind  distrubitons  [88],  The  initial 
pattern  of  large-scale  vertical  motion  is  also  apparently  wel '-described  by  even 
the  simpler  baroclinic  models  [89,  90]. 


4.4.2. 3.2  Development 


4.4.2. 3.2.1  Movement 

The  movement  of  large-scale  disturbances  is  perhaps  the  best  forecast 
of  all  the  phenomenon’s  characteristics.  The  mid-tropospheric  (500  mb)  dis¬ 
placement  is  forecast  for  24-36  hr  with  an  accuracy  of  approximately  75%  by 
the  barotropic  and  simpler  baroclinic  models  [89,  84].  The  correlation  coefficients 
between  the  predicted  and  observed  500-mb  height  changes,  for  example,  are  about 
0.80,  0.70,  and  0.60  for  1-,  2-,  and  3-day  predictions  [86], 


4.4.2.  3.2.2  Structural  Changes 

The  characteristic  structural  changes  in  a  developing  large-scale  dis¬ 
turbance  are  reasonably  well  forecast  by  the  baroclinic  models  [86],  although 
there  is  a  marked  tendency  for  error  under  certain  conditions  [85].  The 
intensity  of  the  disturbance  is  often  overforecast  by  as  mu-  as  100%  in  2-  or 
3-day  predictions  by  the  most  advanced  models,  and  systematic  errors  in  the 
temperature  and  wind  fields  over  coastal  and  mountainous  regions  have  been 
noted. 
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4.4.2.  3.2.3  Associated  Phenomena 


The  phenomena  associated  with  a  developing  disturbance  in  large-scale 
flow  which  can  presently  be  predicted  by  dynamical  methods  are  the  wind  speed 
and  the  expected  large-scale  cloudiness  and  precipitation.  Here  the  overall  accuracy 
in  wind  prediction  represents  approximately  a  50%  relative  predictability,  or  about 
a  10-knot  mean  vector  error  at  500  mb  in  a  24— 35-hr  forecast  [86],  The  large- 
scale  cloudiness  has  a  similar  predicability,  while  precipitation  is  somewhat  less 
predictable  by  these  methods  [91]. 

4.4.2. 3.3  Dissolution 

4.4.2. 3.3.1  Location 

The  location  of  the  occlusion  oi'  large-scale  disturbances  cannot  at  present 
be  predicted  dynamically  with  an  accuracy  greater  than  +  1000  km. 

4.4.2. 3.3.2  Time 

The  timing  of  the  disturbance  dissolution  is  probably  predictable  to  within 
about  +  1  day  in  most  circumstances.  Stagnation  and/or  regeneration  of  a  large- 
scale  disturbance  are  at  present  poorly  handled  by  dynamical  models  [86], 

4.4.2.  3.3.3  Final  Structure 

The  structure  of  a  dissipating  large-scale  disturbance  may  be  envisaged 
in  a  general  fashion  from  theoretical  analyses  [88].  These  results  are  only 
grossly  matched  by  actual  dynamical  forecasts;  the  final  structure  is  somewhat 
less  well  predicted  than  is  either  the  initial  or  developing  structure  [92]. 

4.4.2.  3.4  Predictability  Extension 

The  basic  equations  of  atmospheric  dynamics  form  the  basis  of  the  pre¬ 
dictability  discussed  above,  and  for  the  large-scale  disturbances  the  effects  of 
irregular  terrain,  heating  and  friction  have  only  been  introduced  provisionally  [93], 
The  more  comprehensive  representation  of  these  processes  appears  as  a  major 
problem  for  the  improvement  of  the  predictability  of  the  large-scale  flow  [94],  In 
the  production  of  practical  numerical  forecasts  by  dynamical  methods,  the  relatively 
poor  synoptic  data  coverage  over  large  regions  of  the  earth  presents  a  second  major 
problem  for  predictability  improvement.  This  error,  together  with  those  associated 
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with  the  numerical  computations  themselves,  may  account  for  about  50%. of  the 
present  predictability  error  over  periods  of  1—2  days  [95],  Further  refinements 
in  the  dynamical  models  themselves,  particularly  the  use  of  multi-level  primitive 
equations,  should  further  increase  the  predictability  close  to  that  ultimately 
attainable  with  a  given  data  and  observational  resolution  over  periods  of  2—3  days. 
It  seems  likely  that  significantly  accurate  dynamical  predictions  beyond  3  days, 
however,  will  require  a  much  more  sophisticated  treatment  of  the  atmospheric 
energy  sources  and  sinks  on  both  the  large  and  smaller  scales  than  has  heretofore 
been  undertaken.  In  particular,  the  processes  of  energy  exchange  with  the  higher 
atmosphere  and  with  the  oceans  may  largely  control  the  longer-term  behavior 
of  the  large-scale  disturbances. 


4.4.3  Synoptic-scale  Atmospheric  Disturbances 
4.4.3. 1  Dynamic  Predictability  Summary 
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4.4.3. 2  Introduction 

Synoptic  atmospheric  disturbances  are  represented  by  the  synoptic-scale 
weather  systems  often  found  in  the  lower  atmosphere.  These  disturbances 
may  be  associated  with  frontal  waves  near  the  earth’s  surface,  for  example,  or 
be  waves  in  the  subtropical  easterlies.  The  predictability  of  these  disturbances 
by  dynamical  methods  is  generally  somewhat  less  than  that  of  the  larger-scale 
atmospheric  disturbances.  This  circumstance  appears  to  be  due  to  the  relatively 
more  prominent  roles  played  by  heating  and  friction  on  the  smaller  scale  motions 
near  the  earth’s  surface,  and  to  the  generally  less  adequate  data  resolution  on 
this  scale.  The  synoptic  atmospheric  disturbances  are  consequently  somewhat 
better  predicted  at  the  present  time  by  empirical  and  synoptic  methods  than  they 
are  by  dynamical  methods  as  herein  defined. 

4.4,3.  3  Predictability  Survey 

4.4.3. 3.1  Occurrence 

4.4.3. 3.1.1  Location 

Only  a  relatively  low  dynamical  predictability  exists  for  the  location  of 
the  occurrence  of  synoptic- scale  disturbances;  their  location  appears  to  be 
governed  mainly  by  the  lower-level  mesoscale  wind  and  temperature  fields,  which 
are  themselves  only  poorly  predicted.  An  overall  accuracy  of  about  +  300  km  may 
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be  estimated,  which  is  a  major  fraction  of  the  dvstrubances*  characteristic  wave¬ 
length. 

4.4.3,  3.1. £  Time 

The  time  of  occurrence  of  synoptic- scale  disturbances  is  likewise  poorly 
predicted  by  dynamical  methods.  Probably  an  accuracy  of  +  1/2  day  is  attainable, 
inasmuch  as  they  are  more  likely  to  occur  in  favored  portions  of  the  larger-scale 
disturbances’  life  cycle. 

4.4.3.  3.1.3  Initial  Structure 

Relatively  little  of  the  synoptic-scale  disturbance’s  initial  structure  is 
predictable  by  present  dynamical  methods  and  with  present  data  coverages.  That 
predictability  which  is  present  is  due  almost  entirely  to  theoretical  analyse.-  of  the 
initial  structure  of  idealized  synoptic  perturbations  [87,  88],  These  studies  des¬ 
cribe  the  initial  wind  and  temperature  fields,  together  with  the  associated  convergence 
and  vertical  motion. 

4,4.3. 3.2  Development 

4,4,3, 3.2,1  Movement 

The  synoptic- scale  disturbances*  movement  is  perhaps  their  best  dynam¬ 
ically-predicted  characteristic;  this  predictability  is  closely  tied  to  that  of  the 
larger-scale  disturbances  in  the  middle  and  upper  troposphere.which  frequently 
guide  the  movement  of  the  smaller-scale  features.  The  forward  speed  of  the 
synoptic- sc  ale  disturbances  is  often  underestimated  by  approximately  20%  [90],  and 
their  movement  is  seldom  predictable  beyond  that  of  the  large-scale  flow,  i.e., 
about  2  days.  Hence,  the  uncertainty  in  their  position  during  movement  and  develop¬ 
ment  is  about  +  400  km. 

4.4.3.  3,2.2  Structural  Changes 

Only  the  general  shape  and  intensity  of  the  developing  synoptic  disturbance 
is  at  present  dynamically  predictable  [86].  The  motion  and  temperature  fields 
associated  with  developing  frontal  waves  have  been  studied,  and  represent  a  fair 
degree  of  predictability  for  the  steady  case. 
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4.4.3.  1.2.3  Associated  Phenomena 


The  occurrence  of  cloudiness  and  rain  accompanying  the  developing 
synoptic  disturbance  is  at  present  poorly  predicted  by  dynamical  methods.  This 
is  no  doubt  due  to  the  dominant  effects  of  small-scale  topography  and  cloud 
thermodynamics,  neither  of  which  are  well  predicted.  The  surface  and  lower- 
level  wind  fields  are  likewise  poorly  predicted  by  dynamical  methods. 

4.4.3. 3.3  Dissolution 

4.4.3. 3.3.1  Location 

The  dynamical  predictability  of  the  location  of  dissolution  of  a  synoptic- 
scale  disturbance  is  difficult  to  assess,  although  it  is  probably  of  an  inherently 
low  quality  at  present.  A  certain  number  of  synoptic- scale  disturbances  develop 
into  identifiable  large-scale  features  (including  hurricanes);  in  these  cases  their 
dissolution  is  discussed  in  Section  4.4.2.  Otherwise,  an  accuracy  of  approximately 
+  500  km  appears  reasonable. 

4.4.3. 3.3.2  Time 

An  accuracy  of  about  +  1  day  seems  applicable,  and  represents  in  many 
cases  approximately  half  of  the  synoptic- sc  ale  disturbances*  life-time. 

4.4.3.  3.3.3  Final  Structure 

The  disturbances*  final  structure  is  dynamically  predictable  with  about 
the  same  accuracy  as  are  the  developmental  structural  changes.  Qualitatively 
this  stage  represents  a  relative  reduction  of  wind  and  temperature  gradients. 
Low-level  frictional  and  non-adiabatic  effects  are  dominant  at  this  stage,  and 
often  the  synoptic- scale  disturbance  (i.e.,  those  which  do  not  develop  into  a 
larger-scale  system)  is  lost  or  disappears  from  the  synoptic  data  network  when 
it  is  of  small  or  decreasing  amplitude. 

4.4.3. 4  Predictability  Extension 

Due  to  the  mesoscale  character  of  the  synoptic  disturbances,  an  increased 
data  coverage  would  undoubtedly  contribute  directly  to  an  increased  predictability 
by  dynamical  (as  well  as  other)  methods.  The  uncertainties  in  initial  position 
and  structure  are  such  that  the  later  movement  and  behavior  of  the  disturbances 
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are  rather  poorly  predicted  at  present.  The  dynamical  tools  appear  to  be  avail¬ 
able  to  treat  more  adequately  these*  disturbances  once  they  are  well  documented  [90]. 
In  particular  need  of  further  improvement,  however,  are  the  treatments  of  frictional 
and  diabatic  effects,  especially  in  the  lowest  1  km  or  so.  To  increase  further  the 
synoptic -sc ale  disturbances*  dynamical  predictability,  it  would  appear  to  be  necessary 

to  consider  the  energy  transfers  between  this  scale  and  that  of  the  large-scale 

\ 

disturbances,  as  well  as  with  the  yet  smaller-scale  flow  of  the  sub-synoptic  distur¬ 
bances. 


4.4.4  Hurricanes 


4.4.4. 1  Dynamical  Predictability  Summary 


[ 

Location 

Occurrence 

Time 

Initial  structure 

BHHHMHI 

Development 

Movement 

:/v*>V0  A-t- ;  / y.  :j 

Structural  changes 

Associated  phenomena 

/Jr _ 

Dissolution 

Location 

Time 

mm 

Final  structure 

0  Relative  predictability  100% 


4.4.4. 2  Introduction 

Hurricanes  are  perhaps  the  most  violent  of  the  larger-scale  disturbances 
in  the  atmosphere,  and  their  prediction  is  a  matter  of  considerable  practical 
importance.  It  is  only  recently,  however,  that  a  time  dynamical  predictability 
has  been  developed,  although  the  present  overall  level  of  accuracy  now  achieved 
by  these  techniques  is  probably  inferior  to  that  attainable  with  empirical  and 
statistical  procedures.  The  problem  of  hurricane  formations,  however,  is 
poorly  handled  by  all  methods,  and  it  is  here  that  dynamical  methods  may  make 
a  unique  contribution  when  adequate  observational  data  are  available. 

4.4.4.  3  Predictability  Survey 

4.4.4. 3.1  Occurrence 

4.4.4. 3.1.1  Location 

The  location  of  hurricane  genesis  cannot  at  present  be  dynamically  pre¬ 
dicted  with  great  accuracy,  although  the  dynamic  and/or  baroclinic  instability 
of  the  large-scale  circulation  may  be  a  useful  precursor  [96,  97].  Many  hurri¬ 
canes  also  develop  in  association  with  a  pre-existing  easterly  wave.  The  inten¬ 
sification  of  such  conditions  into  actual  hurricanes,  however,  can  only  be 
regarded  as  dynamically  experimental  [98].  An  overall  accuracy  of  about 
+  1000  km  may  be  estimrfed. 


4.4.4. 3.1.2  Time 


The  timing  of  hurricane  formation  is  quite  poorly  predicted  by  dynamical 
methods;  it  could  probably  even  be  argued  that  such  a  predictability  does  not 
now  exist.  The  timing  accuracy  would  therefore  certainly  be  of  the  order  of  days. 

4.4  4.3.1.3  Initial  Structure 

The  forming  hurricane’s  initial  structure  is  poorly  predicted  by  dynamical 
methods.  Those  few  attempts  which  have  been  made  [98]  do  not  reveal  con¬ 
vincing  skill  and  the  causative  dynamical  mechanisms  are  unclear.  There  is 
rather  general  agreement,  however,  that  the  latent  heat  of  condensation  is  a 
critical  factor  in  the  mature  hurricane’s  maintenance  and  it  may  be  conjectured 
that  it  is  likewise  important  in  the  storm’s  early  stages.  The  present  dynamical 
models  all  display  a  maximum  growth  rate  for  cloud-scale  systems,  rather 
than  for  disturbances  of  hurricane  scale  [99,  100,  97],  so  that  from  this  view¬ 
point  the  hurricane  itself  is  not  actually  being  predicted. 

4.4.4. 3.2  Development 

4.4.4. 3.2.1  Movement 

Once  the  hurricane  circulation  has  assumed  a  distinct  identity,  its 
movement  during  ;he  growth  and  development  stage  is  predictable  by  dynamical 
methods  with  a  useful  accuracy  for  periods  of  1-3  days.  Use  of  a  barotropic 
model  for  mid-tropospheric  flow  as  a  “steering  current”  for  the  hurricane 
vortex  gives  1-,  2-,  and  3-day  displacement  forecast  errors  of  the  order  of 
150,  300,  and  450  naut.  mi.,  respectively  [101,  102,  103,  104].  Such  techniques 
all  appear  to  systematically  underestimate  the  hurricane’s  forward  speed  by 
about  25%,  and  often  show  a  tendency  to  deflect  the  vortex  to  the  right  of  the 
downstream  steering  current  [105].  The  speed  prediction  error  may  be 
reduced  through  use  of  a  finer  mesh  [106],  although  significant  error  remains. 
Some  further  small  improvement  in  displacement  prediction  may  be  possible 
by  using  a  baroclinic  steering  model  [107]. 

4,4.4.  3.2,2  Structural  Changes 

Only  a  part  of  the  structural  changes  accompanying  the  intensification 
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of  a  hurricane  are  at  present  dynamically  predictable.  The  growth  of  an  initially 
symmetrical  circulation  has  been  treated  [108,  98,  109],  but  the  intensification 
is  generally  much  too  rapid.  The  vertical  circulation  system  and  the  develop¬ 
ment  of  descent  in  the  hurricane  core  have  been  successfully  predicted  only 
for  a  few  hours’  time  [108],  and  the  hurricane  eye  is  not  yet  clearly  indicated. 

The  critical  factor  in  these  dynamical  predictions  appears  to  be  the  release  of 
latent  heat  of  condensation,  which  strongly  favors  growth  of  the  cloud-scale 
motions.  Frictional  effects  may  offset  this  tendency  to  some  extent,  but  unless 
very  large  eddy  frictional  coefficients  are  employed  the  difficulty  remains  [98,  99]. 

4.4.4.  3.2.3  Associated  Phenomena 

In  view  of  the  relatively  limited  dynamical  predictability  of  the  developing 
hurricane’s  structural  changes,  there  is  little  dynamical  predictability  of  the 
associated  phenomena  such  as  rainfall  and  surface  winr\  Both  of  these  phenomena 
may  attain  extreme  values  in  the  hurricane,  and  at  present  their  predictability 
is  almost  entirely  empirical  and/or  statistical. 

4.4.4. 3.3  Dissolution 

■M.4. 3.3.1  Location 

Very  little  dynamical  predictability  now  exists  for  the  location,  time 
and/or  structure  of  the  dissipating  hurricane,  except  in  those  cases  in  which 
the  hurricane  dissolves  after  moving  over  land.  In  these  cases,  an  estimate 
of  the  dissolution  stage  (assuming  an  accurate  movement  prediction)  may  be 
made  with  an  accuracy  of  about  +  1  day  and  +  500  km.  Frictional  damping  at 
the  ground  appears  to  weaken  the  circulation  rather  rapidly.  For  most  hurri¬ 
canes,  however,  dissolution  occurs  after  they  have  been  effectively  trans¬ 
formed  into  extra-tropical  systems,  and  this  process  is  somewhat  more 
difficult  to  predict  from  the  hurricane  circulation  itself  than  is  the  analogous 
dissipation  of  an  initially  large-scale  disturbance. 

4.4.4. 3.3.2  Time 

See  Section  4.4.4.  3.3.1  (above). 
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4.4.4.  3.3.3  Final  Structure 

See  Section  4.4.4.  3.3.1  (above). 

4.4.4.  4  Predictability  Extension 

The  successful  prediction  of  a  developing  hurricane  circulation  may  bo 
furthered  by  recent  efforts  to  parametize  the  cloud-scale  motions  with  respect 
to  the  hurricane-scale  flow  [110].  The  release  of  latent  heat  on  a  small  scale 
may  drive  the  larger-scale  circulation,  which  in  turn  supports  the  cloud-scale 
convection  through  the  surface  frictional  convergence.  In  this  sense  friction 
promotes  the  hurricane  development  as  long  as  a  water  vapor  source  is  avail¬ 
able.  Further  refinement  of  large-scale  dynamical  models  should  also  contri¬ 
bute  to  greater  predictability  of  hurricane  displacement.  Basic  to  all  such  in¬ 
creases  in  predictability  is,  of  course,  the  requirement  for  much  more  complete 
measurements  of  the  velocity  and  temperature  fields  in  and  around  the  hurri¬ 
cane  itself;  the  best  present  data  consist  of  a  few  radial  penetrations  by  aircraft, 
which  tends  to  restrict  dynamical  considerations  to  composite  and/or  axially 
synmmetrical  models. 


81 


4.4.5  Internal  and  Orographic  Waves 


4.4.5.  1  Dynamical  Predictability  Summary 
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4.4.5. 2  Introduction 

Internal  and  orographic  waves  are  of  intermediate  scale  and  represent 
modes  of  internal  atmospheric  response  to  locally  large  vertical  temperature 
and/or  wind  speed  gradients,  or  represent  modes  of  forced  response  to  irregular 
terrain,  possibly  modified  by  the  internal  atmospheric  structure.  In  the  case 
of  internal  waves,  the  most  favored  location  seems  to  be  near  frontal  zones 
or  sharp  inversions;  fox  orographic  (or  mountain)  waves,  a  suitable  obstacle 
in  the  path  of  the  air  flow  may  result  in  their  formation.  This  shared  dependence 
upon  the  internal  atmospheric  structure  provides  a  logical  basis  for  considering 
the  internal  and  orographic  waves  together.  These  phenomena  also  display 
similar  characteristic  space  and  time  scales.. 

4.4.5.  3  Predictability  Survey 

4.4.5. 3.1  Occurrence 

4.4.5. 3.1.1  Location 

The  location  of  orographic  waves  can  be  estimated  with  perhaps  50%  con¬ 
fidence,  inasmuch  as  they  are  fixed  in  a  general  sense  to  the  land  forms  them¬ 
selves.  The  location  of  free  internal  waves,  on  the  other  hand,  is  somewhat 
less  accurately  predicted  by  dynamical  methods;  here  an  uncertainty  of  +  500  km 
certainly  exists,  and  in  many  instances  the  location  is  virtually  unpredictable 
by  dynamical  (or  synoptic)  means. 
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4.4.5. 3.1.2  Time 

For  mountain  waves,  an  uncertainty  of  about  +  1/2  day  may  be  estimated, 
while  for  the  freo  internal  waves,  at  least  this  uncertainty  is  present.  Relatively 
good  agreement,  however,  is  found  with  the  theoretically  prescribed  conditions 
for  lee  wave  occurrence  once  the  waves  have  been  initiated  [111]. 

4.4.5.  3.1.3  Initial  Structure 

The  size  and  general  shape  of  the  internal  or  orographic  wave  is  specified 
in  an  idealized  fashion  by  dynamical  theory  [112,  113],  although  marked  variations 
are  often  found.  The  waves’  length,  amplitude  and  motion  field  may  be  estimated 
with  an  accuracy  of  about  30%;  small-scale  irregularities  restrain  the  more  com¬ 
prehensive  application  of  dynamical  theory. 

4.4.5. 3.2  Development 

4.4.5. 3.2.1  Movement 

The  movement  of  internal  and  orographic  waves  is  explicitly  considered 
by  dynamical  theory,  subject  to  the  constraint  of  not-too-large  amplitude  [114]. 
The  wave  speed  depends  critically  upo.i  the  vertical  temperature  and  wind  speed 
distribution,  as  well  as  upon  the  length  of  the  wave.  A  dynamical  predictability 
of  about  50%  may  be  estimated. 

4.4.5.  3.2.2  Structural  Changes 

Very  little  dynamical  predictability  exists  for  the  waves’  structural 
changes  during  development.  The  growth  of  wave  amplitude  renders  inapplicable 
most  existing  wave  theory,  and  the  energetic  interactions  between  the  wave 
and  the  environment  are  not  well  understood. 

4.4.5.  3.2.3  Associated  Phenomena 

Very  little  dynamical  predictability  exists.  The  development  of  intense 
fields  of  vertical  motion  and  characteristic  cloud  patterns  are  almost  exclusively 
predicted  by  synoptic  means. 

4.4.5. 3.3  Dissolution 
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4.4.5.  3.3.1  Location 


The  location  of  dissolution  of  the  orographic  wave  can  be  specified  with 
about  the  same  accuracy  as  can  the  location  of  its  initiation.  The  dissipation 
of  the  internal  wave  is  somewhat  less  well  specified. 

4.4.5. 3.3.2  Time 

The  timing  of  the  dissolution  of  the  waves  can  be  performed  reasonably 
well  by  non-dynamical  methods,  but  only  with  low  accuracy  by  present  dynamical 
techniques  The  life-time  of  these  waves  extends  from  hours  (for  internal  waves) 
to  days  (for  mountain  waves);  the  dynamical  predictability  is  not  capable  of  a 
resolution  below  this. 

4.4.5.  3.3.3  Final  Structure 

Very  little  dynamical  predictability. 

4.4.5.  4  Predictability  Extension 

Prerequisite  to  the  extension  of  the  dynamical  predictability  of  internal 
and  orographic  waves  is  an  increased  resolution  of  the  mesoscale  structure 
of  the  atmosphere.  Vith  such  information,  present  dynamical  theory  wiil 
probably  be  capable  of  considerably  increased  prediction  of  the  waves’  develop¬ 
ment.  The  dissolution  stage  will  still  be  more  difficult,  and,  it  appears,  will 
probably  require  further  research  into  the  waves’  energetics  and  their 
apparent  destruction  by  turbulence. 


4.1.6  Squall  1  ,ine 


4.4.6. 1  Dynamical  Predictability  Summary 
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4  4.6.  2  Introduction 

The  squall  line  is  a  relatively  rare  but  intense  convective-scale  distur¬ 
bance,  whose  prediction  has  been  attempted  most  commonly  by  synoptic  means. 
More  recently,  however,  some  advance  has  been  made  in  dynamical  theory 
aimed  more-or-less  toward  the  squall  line  phenomenon,  and  a  nascent  dynamical 
predictability  is  appearing.  These  theoretical  developments  are  geared  to  the 
overall  growth  of  a  dynamical  attack  on  the  several  phenomena  of  the  mesoscale; 
the  mechanics  of  the  convection  itself,  however,  is  currently  receiving  more 
attention  than  its  overall  organization,  as  in  the  line  storm  or  squall  line.  Two 
approaches  have  been  promising  for  squall  line  formation;  one  based  upon  an 
analogy  with  the  hydraulic  jump  phenomenon,  initiated  by  Tepper  in  1950,  and 
the  other  based  upon  the  direct  numerical  integration  of  the  dynamical  equations. 

4.4.6.  3  Predictability  Survey 

4.4.6. 3.1  Occurrence 

4.4.6. 3.1.1  Location 

From  the  observed  acceleration  of  a  suitable  cold  front,  the  location  of 
an  incipient  squall  line  may  be  predicted  by  the  method  of  characteristics, 
likening  the  line  to  a  pressure  jump  phenomenon  [115,  116].  On  those  occasions 
in  which  a  squall  line  actually  forms  under  these  conditions,  a  position  accuracy 
of  about  +  25  km  may  be  assigned. 


4.4.6. 3.1.2  Time 

The  hydraulic  analogy  provides  a  dynamical  prediction  of  squall  line 
timing  concurrent  with  a  location  prediction.  An  accuracy  of  about  +  6  hr 
may  be  estimated  for  this  method,  although  only  on  about  half  of  the  occasions 
so  predicted  does  a  detectable  squall  line  or  pressure  jump  actually  form  [116]. 
This  accuracy  also  seems  compatible  with  the  experimental  numerical  inte¬ 
grations  of  the  dynamical  equations  f  117  j. 

4.4.6.  3.1.3  Initial  Structure 

Aside  from  indicating  the  squall  line  as  a  region  of  generally  rising 
motion  and  an  abrupt  pressure  disturbance,  the  hydraulic  analogy  provides 
relatively  little  information  on  the  line’s  initial  (or  subsequent)  structure. 
Numerical  integration  of  suitable  dynamical  equations,  however,  provides 
some  prediction  of  the  velocity  field  and  the  associated  temperature  distri¬ 
bution  [117]. 

4.4.6. 3.2  Development 

4.4.6. 3.2.1  Movement 

The  squall-line’s  movement  after  formation  is  explicitly  predicted  by 
the  pressure-jump  mechanism  and  the  theory  of  wave  motion  in  a  stratified 
fluid  of  known  depth  [115].  The  accuracy  may  be  estimated  at  about  +  15  mph, 
which  represents  a  fair  degree  cf  predictability.  This  estimate  is  compatible 
with  that  furnished  by  the  numerical  integrations  as  well. 

4.4.6.  3.2.2  Structural  Changes 

The  developing  squal  line’s  structural  changes  of  increased  vertical 
motion  and  strengthened  temperature  gradient  are  predictable  in  part  by  the 
numerical  integration  of  the  governing  dynamical  equations  for  period  of  a 
few  hours.  The  resolution  is  not  high,  however,  and  the  technique  is  still 
experimental. 

4.4.6.  3.2,3  Associated  Phenomena 

The  development  of  cloudiness,  precipitation  and  wind  squalls  characteristic 
of  the  growing  squall  line  are  not  significantly  predictable  by  dynamical  methods 
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at  present.  Empirical  and  synoptic  techniques  are  probably  at  their  maximum 
utility  in  such  instances. 

4.4.6.  .1.3  Dissolution 

4.4.6. 3.3.1  Location 

Very  little  dynamical  predictability  now  exists  for  the  dissipation  stage 
of  the  squall-line  phenomenon,  with  respect  to  either  location  or  time. 

4.4.6. 3.3.2  Time 

See  Section  4.4.6.  3.3.1  (above). 

4.4.6.  3.3.3  Final  Structure 

The  structure  of  the  dissipating  squal  line  is  quite  poorly  predicted  by 
dynamical  methods,  if  at  all.  Turbulent  and  frictional  processes  are  probably 
dominant  at  this  stage,  and  these  effects  are  poorly  treated  in  present  dynamical 
considerations. 

4.4.6. 4  Predictability  Extension 

As  with  other  mesoscale  phenomena,  perhaps  the  greatest  increase  of 
predictability  would  result  from  greater  data  coverage.  The  present  dynamical 
capability  probably  exceeds  that  attainable  with  present  data  available  for  squall 
line  studies.  The  development  of  new  dynamical  models  suitable  for  numerical 
solution  would  likely  effect  a  substantial  increase  in  the  predictability,  particularly 
during  the  important  development  stage.  Preliminary  research  in  this  direction 
could  even  proceed  prior  to  the  availability  of  increased  synoptic  squall-line  data. 
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4.4.7. 2  Introduction 

The  sea  breeze  is  perhaps  the  most  familiar  example  of  a  truly  diurnal 
thermally-driven  atmospheric  phenomenon  experienced  at  the  earth’s  surface. 

Its  dynamical  role  in  interaction  with  the  larger-scale  motions  does  not  appear 
to  be  critical,  at  least  as  far  as  the  larger-scale  flow  is  concerned,  and  it 
appears  to  execute  its  life-cycle  in  a  relatively  confined  area  near  the  coast. 

The  dynamical  predictability  of  the  sea  breeze  is  set  within  a  recently-acquired 
predictive  capability  for  the  atmospheric  boundai'y  layer  itself  [118,  119],  with 
the  exception  of  the  driving  thermal  mechanism  itself. 

4.4.7.  3  Predictability  Survey 

4.4.7.  S  1  Occurrence 

4.4.7. 3.1.1  Location 

The  location  of  sea  breeze  occurrence  is  confined  to  the  immediate 
coastal  area,  with  occasional  landward  extensions  of  100  mi  or  so.  Within 
this  region,  the  location  of  specific  sea  breezes  by  dynamical  methods  is  at 
present  relatively  undeveloped.  Preliminary  models  have  indicated,  however, 
a  preference  for  areas  of  initially  offshore  winds  and  large  land-sea  temperature 
contrasts  [120]. 
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4.4.7. 3.1.2  Time 


The  prediction  of  the  time  of  sea-breeze  onset  both  at  the  coast  and 
inland  is  now  feasible  by  the  numerical  integration  of  dynamical  equations 
[x21,  120],  and  an  accuracy  of  approximately  +  1  hr  may  be  estimated.  This 
appears  comparable  with  that  achieved  by  conventional  synoptic  methods. 

4.4.7.  3.1.3  Initial  Structure 

The  distribution  of  the  wind  components  both  parallel  and  perpendicular 
to  the  shoreline  and  of  the  air  temperature  (relative  to  an  ocean  of  uniform 
temperature)  in  the  nascent  sea-breeze  circulation  are  directly  provided  by 
the  numerical  integration  of  dynamical  models  [122].  The  accuracy  of  such 
predictions  has  not  been  thoroughly  tested,  although  the  fields  bear  many  of 
the  features  observed.  An  overall  accuracy  of  about  +  2°  and  +  5  m  sec  * 
may  be  tentatively  estimated. 

4.4.7. 3.2  Development 

4.4.7. 3.2.1  Movement 

The  movement  of  the  sea  breeze  may  be  identified  with  the  inland  pro¬ 
gression  of  the  sea-breeze  “front,”  and  as  such  is  directly  related  to  the 
prediction  cf  the  time  of  occurrence.  See  Section  4.4.7  3.1.2  (above). 

4.4.7.  3.2.2  Structural  Changes 

The  integration  of  dynamical  models  [120,  121,  123]  shows  a  striking 
amount  of  detail  in  the  development  and  intensification  of  the  sea-breeze  circu¬ 
lation,  in  spite  of  the  possibly  crude  approximation  made  with  regard  to  frictional 
and  heating  effects.  The  growth  of  convective  motion  at  the  sea  breeze  front 
(including  vertical  motions),  the  sharpening  of  the  air  temperature  contrast  at  the 
breeze’s  leading  edge,  and  the  gradual  deepening  of  the  overall  circulation 
system  are  all  displayed  in  recent  solutions  [120],  made  with  respect  to 
artificial  initial  data.  Although  actual  verification  is  necessary,  the  dynamical 
predictability  here  appears  to  be  relatively  high,  possibly  of  the  order  of  70  per¬ 
cent. 
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4.4.7.  3.2.3  Associated  Phenomena 


The  prediction  of  the  cloudiness  often  associated  with  the  sea-breeze 
has  not  yet  been  accomplished  by  dynamical  methods,  although  the  required  dis¬ 
tributions  of  vertical  motion  and  temperature  are  available.  There  is  some 
dynamical  suggestion,  for  example,  of  multiple  cloud  bands  parallel  to  the  coast 
[120J  under  certain  conditions. 

4.4.7. 3.3  Dissolution 

4.4.7.  3.3. i  Location 

•  The  decaying  sea-breeze’s  location  and  timing  follows  naturally  from  the 
cycle  of  the  circulation  induced  by  the  sea-air  temperature  contrast.  After 
approximately  6  hr  from  inception,  the  dissolution  stage  sets  in  over  distances 
inland  of  up  to  100  km.  This  phase,  however,  is  not  as  well  treated  by  the 
dynamical  methods  as  are  the  initiation  and  development  stages.  Here  the 
effects  of  frictional  and  turbulent  dissipation  probably  become  more  critical. 

4.4.7. 3.3.2  Time 

See  Section  4.4.7.  3.3.1  (above). 

4.4.7.  3.3.3  Final  Structure 

The  structure  of  the  decaying  sea  breeze  is  certainly  suggested  by  the 
numerical  experiments  with  the  dynamical  equations  [120],  but  the  predict¬ 
ability  is  probably  not  very  high.  We  may  estimate,  in  fact,  errors  in  wind 
and  temperature  specification  of  the  same  order  as  those  for  the  sea-breeze’s 
characteristic  amplitude  itself. 

4.4.7. 4  Pr sdictab  ility  E  xt  ens  ion 

The  relatively  significant  dynamical  predictability  of  the  sea  breeze  which 
now  exists  is  due  almost  entirely  to  a  small  number  of  quite  recent  experiments 
[121,  120,  123],  This  success  suggests  that  further  research  with  such  formulations 
may  weil  achieve  the  refinement  necessary  for  an  actual  operational  prediction 
program.  The  inclusion  of  actual  initial  data  and  a  verification  program  with 
even  the  present  models  is  very  much  in  order.  The  models  themselves  should 
be  extended  to  include  the  diabatic  effects  of  latent  heat  release  in  condensation 
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and  those  involved  in  low-level  radiative  transfer.  The  often  associated  phenomenon 
of  coastal  fog  may  also  assume  a  significant  dynamical  predictability  as  a  result 
of  such  studies;  a  preliminary  effort  in  this  direction  has  already  shown  consid¬ 
erable  promise  [122]. 
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4.4.8  Thunderstorm 

4.4.8. 1  Dynamical  Predictability  Summary 
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4.4.8. 2  Introduction 

The  thunderstorm  is  one  of  the  most  familiar  local  “weather-bearing” 
phenomena,  and  is  responsible  for  a  significant  fraction  of  the  total  rainfall 
over  large  portions  of  the  earth.  A  large  body  of  synoptic  and  observational 
information  has  been  accumulated  for  thunderstorms  [124],  and  their  pre¬ 
diction  is  usually  attempted  by  methods  drawn  from  this  experience.  Only 
relatively  recently  have  adequate  dynamical  investigations  on  this  scale  of 
convective  motions  been  carried  out,  and  it  is  on  these  efforts  that  a  modest 
dynamical  predictability  now  rests.. 

4.4.8.  3  Predictability  Survey 

4.4.8. 3.1  Occurrence 

4.4.8. 3.1.1  Location 

Assuming  that  a  thunderstorm  arises  from  a  locally  intense  convective 
element  [124],  there  is  at  present  virtually  no  dynamical  predictability  of  the 
storm’s  location  or  timing;  only,  the  general  area  and  period  of  thunderstorm 
activity  is  partially  predictable. 

4.4.8. 3.1.2  Time 

See  Section  4.4.8.  3.1.1  (above). 
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4.4.8.  3.1.3  Initial  Structure 


The  thunderstorm’s  initial  structure  may  be  dynamically  predicted  as 
an  example  of  a  particularly  intense  convection  element.  The  initial  updraft 
speed  and  thermal  buoyancy  given  by  numerical  integrations  of  the  equations 
for  (shallow)  convection  bear  some  resemblance  to  those  characteristic  of  the 
nascent  thunderstorm  [125],  The  accuracy  is  undoubtedly  significant  on  a 
physical  basis  (in  the  sense  that  the  upward  motion  is  of  the  right  magnitude 
and  in  the  generally  buoyant  portion  of  the  storm),  but  specific  velocity  and 
temperature  predictions  would  be  difficult  to  verify.  Marked  convergence 
regions  are  typical,  but  are  oi  a  diagnostic  rather  than  prognostic  nature  [126]. 

4.4,8. 3.2  Development 

4.4.8.  3.2.1  Movement 

The  thunderstorm  generally  behaves  as  though  imbedded  in  the  mean 
tropospheric  flow,  and  movement  predictions  on  this  basis  have  a  useful  accuracy. 
Hence  the  dynamical  predictability  for  the  storm’s  overall  motion  may  be 
estimated  as  about  50%  accurate,  on  the  basis  of  the  accuracy  with  which  the 
larger-scale  flow  may  itself  be  predicted  by  dynamical  methods. 

4.4.8.  3.2.2  Structural  Changes 

The  growth  of  the  upward  convective  motion,  the  development  of  the 
characteristic  anvil  top,  and  the  progressive  mixing  or  dilution  of  the  air 
near  the  cloud  boundary  are  all  clearly  indicated  in  the  results  of  the  numerical- 
dynamical  integrations  with  both  dry  and  wet  convective  models  [127,  128], 
although  the  convection  may  not  be  regarded  as  that  of  the  thunderstorm  in 
other  respects. 

4.4.8.  3.2.3  Associated  Phenomena 

The  rainfall,  hail,  lightning,  and  the  intense  surface  wind  and  temperature 
changes  usually  associated  with  a  mature  thunderstorm  are  predictable  only 
indirectly  by  dynamical  methods.  The  development  of  the  characteristic  down- 
draft  is  believed  to  be  caused  by  the  evaporative  cooling  of  falling  rain,  and 
has  not  yet  been  successfully  incorporated  into  a  dynamical  thunderstorm  model 


4.4.8. 3.3  Dissolution 


4.4.8. 3.3.1  Location 

The  location  and  time  of  the  dissipating  thunderstorm  is  rather  poorly 
predicted  by  dynamical  methods.  The  considerable  roles  of  turbulent  mixing, 
downdraft  formation,  and  surface  frictional  dissipation  in  the  storm’s  dissolution 
are  either  absent  or  rather  poorly  treated  at  present. 

4.4.8. 3.3.2  Time 

See  Section  4.4.8.  3.3.1  (above). 

4.4.8.  3.3.3  Final  Structure 

Virtually  no  dynamical  predictability. 

4.4.8.  4  Predictability  Extension 

The  thunderstorm’s  interaction  with  the  environment  is  perhaps  the  key 
to  a  significant  extension  of  the  dynamical  predictability.  Thunderstorm  growth 
appears  tc  be  favored  by  strong  vertical  shear  [131],  and  the  effective  protection 
of  the  main  updraf  from  the  diluting  effects  of  lateral  entrainment  is  possibly 
the  most  important  consequence  of  this  selectivity.  Dynamical  thunderstorm 
studies  to  date  have  not  considered  these  effects,  and  their  treatment  appears 
to  hold  the  prospect  of  attaining  at  least  an  improved  predictability  of  the  mature 
thunderstorm’s  structure.  Improved  predictability  ox  the  dissolution  stages  may 
well  prove  somewhat  more  difficult,  but  should  be  furthered  in  some  measure  by 
continued  numerical  experimentation  with  intense  convective  systems. 
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4.4.9  Convective  Clouds 


4.4.9. 1  Dynamical  Predictability  Summary 
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4.4.9 .  2  Introduction 

Small-scale  convective  motions  in  the  atmosphere  represent  virtually 
omnipresent  phenomena,  and  account  for  the  bulk  of  the  vertical  transfer  of 
heat  and  water  vapor  into  the  atmosphere  from  the  earth’s  surface.  Tne 
formation  of  clouds  might  be  incidental  to  these  processes  wore  it  not  for 
the  release  of  latent  heat  upon  condensation;  this  internal  energy  source 
strongly  affects  the  subsequent  cloud  development  and  introduces  rather 
severe  complicating  fa.  tors  into  the  dynamics  which  are  not  yet  resolved.  The 
comprehensive  dynamical  investigation  of  even  dry  convective  cloud  phenomena 
is  a  relatively  recent  effort,  and  a  considerable  predictability  has  already  beer, 
acquired.  Previous  to  these  numerical  investigations,  dynamical  theory  had 
only  been  applied  in  limited  contexts  [132],  whose  most  serious  defect  was  per¬ 
haps  an  inability  to  consider  the  cloud-environment  interactions. 

4.4.9.  3  Predictability  Survey 

4.4.9. 3.1  Occurrence 

4.4.9. 3.1.1  Location 

The  location  of  convective  motions  leading  to  clouds  may  be  identified 
with  areas  of  high  relative  low-level  temperature  (buoyancy)  and  suitable 
vertical  distribution  of  both  wind  and  temperature.  Such  configurations  have 


95 


served  as  the  initial  conditions  in  most  dynamical  investigations  of  convection 
[125].  The  height  (and  lateral  dimensions)  of  the  initial  clcud  are  predictable 
with  an  accuracy  of  about  +  200  m. 

4.4.9. 3.1.2  Time 

The  timing  of  the  cloud  occurrence  also  follows  from  the  numerical 
solution  of  the  convection  models  [128].  A  predictive  accuracy  of  +  5  min 
may  be  estimated,  although  verification  with  respect  to  atmospheric  conditions 
has  not  yet  been  performed. 

4.4.9.  3.1.3  Initial  Structure 

The  distribution  of  temperature  and  vertical  velocity,  and  sometimes 
of  water  vapor  and  liquid  water  content  as  well,  is  directly  predicted  by 
dynamical  models  of  convection  [133,  127,  128].  These  distributions  appear 
fairly  realistic  and  constitute  a  significant  dynamical  predictability. 

4.4.9. 3.2  Development 

4.4.9.  3.2.1  Movement 

The  movement  of  the  developing  convective  cloud  is  both  laterally  in  the 
ambient  wind  field  and  vertically  as  a  result  of  the  buoyancy..  The  former  has 
not  yet  been  treated  on  an  intimate  scale,  but  may  be  inferred  from  the  dynamical 
predictability  of  the  larger-scale  wind  field  itself.  The  vertical  movement  of 
the  cloud,  on  the  other  hand,  is  directly  predictable  by  dynamical  methods  with 
an  apparent  accuracy  of  about  +  1  m  sec 

4.4.9.  3.2.2  Structural  Changes 

The  characteristic  columnar  or  tower-like  appearance  of  the  convection 
element  or  cloud  has  been  successfully  predicted  by  dvnaniical  methods  [133,  134], 
and  there  appears  reason  to  estimate  that  these  methods  could  be  applied  to 
actual  atmospheric  data  with  a  predictive  accuracy  of  about  50  percent.  The 
mushroom-like  spread  of  the  mature  convection  cloud  under  certain  circum¬ 
stances  appears  to  be  similarly  predictable. 
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4.4.9.  3.2.3  Associated  Phenomena 

The  most  important  phenomena  associated  with  convective  clouds  is 
doubtless  the  concentration  of  liquid  water  and  the  possible  subsequent  production 
of  rain.  These  effects  are  now  predictable  with  much  accuracy  by  dynamical 
methods.  The  effects  of  evaporation  and  of  the  growth  of  the  cloud  droplet  size 
spectrum  pose  relatively  difficult  dynamical  problems. 

4.4.9. 3.3  Dissolution 

4.4.9.  3.3.1  Location 

The  position  of  the  dissipating  convective  cloud  is  predictable  by  extension 
of  the  dynamical  solutions  to  the  stage  where  buoyancy  is  significantly  reduced. 

At  this  point,  however,  the  theory’s  accuracy  is  somewhat  reduced,  and  the  effects 
of  turbulent  dissipation,  entainment,  and  evaporation-all  pcorly  treated  at 
present-become  dominant.  Most  attention  has  been  given  to  the  attainment  of  a 
convective  shape-preservation  stage,  rather  than  to  the  details  of  actual  dissipa¬ 
tion  [133]. 

4.4.9. 3.3.2  Time 

The  timing  of  the  dissipation  of  the  convective  cloud  is  also  rather  poorly 
specified  by  present  dynamical  models.  An  individual  buoyant  parcel’s  life-cyle 
is  reasonably  well  treated  (i.e. ,  about  30  min.),  but  the  tendency  for  continued 
and  renewed  convection  to  occur  in  natural  convective  clouds  has  not  been  treated. 

4.4.9.  3.3.3  Final  Structure 

Only  slight  dynamical  predictability  exists  for  the  cloud’s  final  structure. 

An  adeqaute  mechanism  for  the  cessation  of  the  buoyancy  forces’  operation 
has  apparently  not  been  formulated  [128]. 

4.4.9. 4  Predictability  Extension 

The  predictability  of  dynamical  models  of  convection  appears  to  be  most 
seriously  limited  by  an  inadequate  treatment  of  the  downdraft  mechanism.  This 
feature  is  probably  related  to  the  evaporative  cooling  from  rain,  and  evidently 
plays  a  decisive  role  in  the  stabilization  and  ultimate  dissipation  of  the  system. 
The  interaction  of  the  convective  system  with  the  environment  also  needs  further 
attention,  as  do  the  mechanism  of  frictional  dissipation. 
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4.4.10  Tornado 


4.4.10. 1  Dynamical  Predictability  Summary 
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4.4.10.2  Intr  oduc  tion 

The  tornado  is  the  most  violent  of  all  atmospheric  phenomena,  and  is  one 
for  which  there  is  possibly  the  least  information.  Certainly  the  tornado’s  pre¬ 
dictability  by  dynamical  methods  is  minimal;  almost  all  of  the  knowledge  of  the 
storm’s  occurrence  and  behavior  stems  from  observational  and  synoptic  studies 
[135] ,  and  even  here  the  data  is  not  in  abundance.  The  maximum  wind  speed  and 
minimum  pressure,  for  example,  have  not  yet  been  adequately  measured.  From 
a  dynamical  viewpoint  the  tornado  presents  a  severe  problem  of  resolution  of 
intense  wind  and  pressure  gradients,  as  well  as  an  apparently  basic  dependence 
upon  an  intense  mesoscale  circulation. 

4.4.10.3  Predictability  Survey 

4.4.10.3.1  Occurrence 

4.4.10. 3.1.1  Location 

A  small  dynamical  predictability  exists  for  the  location  and  time  of 
occurrence  insofar  as  the  tornado  is  almost  always  associated  with  an  intense 
convective  disturbance  (thunderstorm)  and  the  latter  is  to  some  extent  predictable. 
A  gross  physical  positioning  of  the  tornado  near  the  region  of  maximum  shear 
is  suggested  by  partially  dynamical  considerations  [130].  There  exists,  we  may 


note,  a  significant  geographical,  seasonal,  and  diurnal  predictability  of  tornado 
occurrence  by  synoptic  and  empirical  methods  [13G]. 

4.4.10. 3.1.2  Time 

See  Section  4.4.10.  3.1.1  (above). 

4.4.10.  3.1.3  Initial  Structure 

No  dynamical  predictability. 

4.4.10. 3.2  Development 

4A10. 3.2.1  Movement 

A  small  dynamical  predictability  exists  by  virtue  of  the  predictability  of  the 
motion  of  the  parent  convective  cloud  in  the  genera,  direction  of  the  tropospheric 
mean  air  flow.  The  tornado’s  movement  is,  however,  often  erratic. 

4.4.10.  3.2.2  Structural  Changes 

The  dynamics  of  steady-state  vortex  motions  resembling  the  tornado 
have  been  examined  and  constitute  a  certain  dynamical  predictability  [137,  138]. 
The  funnel’s  dimensions  and  a  seemingly  realistic  rotational  wind  field  are 
considered.  The  prediction  or  even  specification  of  structural  changes  in  the 
tornado,  however,  has  not  yet  been  made  by  dynamical  methods. 

4.4.10.3.2.3  Associated  Phenomena 

No  dynamical  predictability. 

4.4.10.3.3  Dissolution 

4.4.10.3.3.1  Location 

No  dynamical  predictability. 

4.4.10.  3.3.2  Time 

No  dynamical  predictability. 

4.4.10.  3.3.3  Final  Structure 

No  dynamical  predictability. 

4.4,10.4  Predictability  Extension 

Continued  study  of  intense  tornado-like  vortices  is  in  order,  but  probably 


99 


the  most  significant  extension  of  tornado  predictability  would  result  from  a  more 
complete  measurement  and  observational  program.  Without  such  information,  a 
meaningful  dynamical  analogue  probably  cannot  be  constructed. 
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Fig.  4-2.  Summary  of  oceanic  phenomena 


4.4.11  Large-scale  Oceanic  Flow 


4.4.11.1  Dynamical  Predictability  Summary 
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4.4.11.2  Introduction 

The  circulation  of  the  oceans  on  a  large  scale  is  typified  by  the  generally 
anticyclonic  gyral  flow  in  the  major  ocean  basins,  whose  component  parts 
at  tne  surface  are  recognized  as  the  major  semi-permanent  ocean  currents. 

In  the  western  portions  of  the  North  Atlantic  and  North  Pacific  Oceans  at 
Ieaset  this  flow  is  locally  intensified  as  the  Gulf  Stream  and  Kuroshio  current 
systems.  In  the  lower  latitudes  a  system  of  tropical  and  equatorial  currents 
is  present.  In  the  central  and  deep  portions  of  the  oceans  a  somewhat  weaker 
thermo  haline  circulation  is  believed  to  be  present,  which  in  some  cases  flows 
in  a  direction  opposite  to  that  of  the  upper  level  currents.  The  relative  importance 
of  these  density-driven  currents  and  the  surface  wind-driven  currents  in  the 
transport  of  water  and  heat  in  the  oceans  is  yet  to  be  fully  resolved,  although 
significant  delineation  has  taken  place  with  the  development  of  adequate  dynamical 
theory  initiated  by  Sverdrup  [139]  and  Stommel  [140]..  Concurrent  with  this 
research  has  been  the  growth  of  a  dynamical  predictability  to  a  level  surpassing 
that  of  many  atmospheric  phenomena. 

4.4. i! ,  3  Predictability  Survey 

4.4.11. 3.1  Occurrence 
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4.4.11.3.1.1  Location 

The  location  of  the  large-scale  oceanic  currents  is  evidently  predictable  to 
a  relatively  high  degree  by  dynamical  methods.  This  capability  was  first  clearly 
demonstrated  by  Munk  [141]  for  an  idealized  rectangular  ocean  basin,  and  has  since 
been  extended  to  actual  oceans  [143].  In  these  studies  the  large-scale  current  is 
viewed  as  a  wind-driven  process,  and  the  observed  variation  of  the  wind  stress 
over  the  oceans  serves  to  outline  the  broad  features  of  the  current,  together  with 
the  earth’s  rotation  and  the  ocean  basin  shape.  The  position  of  the  intense  current 
along  the  western  ocean  boundary  is  predicted,  as  well  as  the  locations  of  the 
equatorial  currents.  Here  the  accuracy  appears  to  be  about  +  1  deg  lat.  The 
current  location  specification  is  poorer  in  the  interior  of  oceans,  although  partially 
dynamic  arguments  may  be  applied  to  the  specification  of  a  world-wide  system  of 
deep  and  bottom  currents  [143]. 

4.4.11.3.1.2  Time 

The  timing  or  initial  growth  rate  of  the  oceanic  large-scale  flow  can  only 
be  estimated  by  dynamical  theory.  It  appears  that  a  period  of  the  order  of  one 
year  would  be  required  to  establish  the  surface  or  barotropic  circulation  mode 
in  the  oceans,  and  about  100  years  to  set  up  the  internal  or  baroclinic  mode. 

The  accuracy  of  such  estimates  could  presumably  be  checked  by  recourse  to  an 
experimental  anol,ogue. 

4.4.11.3.1.3  Initial  Structure 

The  large-scale  currents’  initial  structure  in  terms  of  total  current  strength, 
wioih,  and  general  length  are  reasonably  well  predicted  by  dynamical  methods  [141]. 
Some  uncertainty  centers  on  the  more  detailed  structure  of  the  western  boundary 
currents  [144],  and  on  the  magnitude  and  vertical  extent  of  the  current  systems  in 
the  deeper  parts  of  the  oceans  [145,  146]. 

4.4.11.3.2  Development 

4.4.11.3.2.1  Movement 

Inasmuch  as  most  dynamical  studies  of  the  large-scale  currents  consider 
the  flow  to  be  steady,  it  is  lifficult  to  estimate  their  predictability  of  the  movement 
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or  displacement  of  the  currents.  Preliminary  studies  of  the  transient  develop¬ 
ment  of  large-scale  currents  indicate  some  predictability  [147],  which  may  be 
estimated  in  an  overall  fashion  as  about  30  percent. 

4.4.11.3.2.2  Structural  Changes 

As  the  currents’  site  or  transport  change  in  response  to  changed  wind  stress 
or  changed  thermalhaline  forcing  functions,  a  dynamical  predictability  is  evident  from 
studies  of  idealized  oceans  [147,  145,  146],  and  it  seems  reasonable  to  estimate 
a  significant  predictability  for  the  actual  oceans.  The  study  of  laboratory 
analogues,  we  may  note,  offers  considerable  insight  in  this  connection. 

4.4.11.3.2.3  Associated  Phenomena 

The  principal  phenomenon  associated  with  the  large-scale  currents  is  ihe 
formation  cf  eddies  or  meanders;  this  phenomenon  is  considered  separately  else¬ 
where. 

4.4.11.3.3  Dissolution 

4.4.11.3.3.1  Location 

The  location  and  timing  of  the  dissolution  of  the  large-scale  current  systems 
is  probable  not  highly  predictable  by  present  dynamical  methods.  The  role  of 
lateral  eddy  diffusion  and  bottom  frictional  effects  are  not  adequately  treated. 

Studies  of  idealized  currents’  variations  in  time  suggest  some  predictability, 
but  its  accuracy  has  not  yet  been  evaluated. 

4.4.11.3.3.2  Time 

See  Section  4.4.11.  3.3.1  (above). 

4.4.11.3.3.3  Final  Structure 

The  dissipating  currents’  structure  is  largely  determined  by  the  energy  losses 
occurring,  and  the  manner  in  which  these  are  balanced  (or  not  balanced)  against 
whatever  residual  driving  forces  may  exist.  In  the  central  portion  of  the  oceans, 
currents  are  characteristically  weak  and  diffuse,  and  there  is  little  dynamical 
nredictability  existing. 
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4.4.11.4  Predictability  Extension 

The  systematic  application  of  the  wind-driven  current  theory  to  all  the 
world’s  oceans  would  provide  an  immediate  extension  of  the  dynamical  pre¬ 
dictability;  the  inclusion  of  the  effects  of  ocean  bottom  topography  and  of  internal 
density  variations  would  also  contribute  significantly.  The  predictability  of  the 
currents’  transient  behavior  and  structure  during  both  the  formative  and  dissi¬ 
pative  stages  could  be  improved  by  further  studies  of  time-dependent  non-linear 
systems,  possibly  aided  by  a  parallel  program  of  laboratory  investigation. 
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4.4.12.2  Introduction 

Meanders  or  large-scale  eddies  were  first  adequately  observed  in  1950 
[148]  in  the  Gulf  Stream  current,  although  their  existence  had  long  been  suspected 
from  the  accumulation  of  seemingly  erratic  temperature  and  current  observations 
in  the  north-western  portions  of  the  North  Atlantic  and  North  Pacific.  These 
wave-like  perturbations  of  the  current  may  occur  on  scales  of  several  hundred 
miles  and  persist  for  several  weeks.  On  occasion  a  wave  develops  into  a  loop 
and  completely  separates  from  the  main  current,  in  a  manner  somewhat  similar 
to  the  formation  of  a  cut-off  cyclone  in  the  atmospheric  westerlies.  From  the 
dynamical  viewpoint,  meanders  have  usually  been  regarded  as  an  instability  of 
the  current,  and  treated  by  a  perturbation  technique  [144].  More  recently  the 
possible  role  of  bottom  topography  has  been  emphasized  [  149],  and  the  meanders’ 
dynamical  predictability  has  thereby  been  significantly  increased. 

4.4,12.  S  Predictability  Survey 

4.4.12.3.1  Occurrence 

4.4.12.3.1.1  Location 

The  incipient  meander’s  location  may  be  estimated  from  analyses  of  the 
currents’  dynamical  stability  [144],  although  such  predictions  have  not  proven 
particularly  successful.  More  significant  is  the  apparently  dominant  effect  of 
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the  water  depth  variation  in  the  path  of  the  stream,  with  the  conservation  of 
potential  vorticity  evidently  attempted  by  the  current  (149].  Subsurface  topo¬ 
graphy  thus  favors  certain  locations  for  meander  formation,  in  relatively  good 
agreement  with  observation. 

4.4.12.3.1.2  Time 

A  certain  predictability  for  the  timing  of  meander  formation  follows  from 
the  apparent  predictability  of  the  eddies’  position,  although  this  latter  predictability 
has  been  so  far  established  for  steady  or  average  conditions.  Time-dependent 
numerical  integrations  of  wind-driven  currents  (in  water  of  constant  depth, 
however)  show  the  quasi-periodic  formation  of  meanders  as  the  basic  currents’ 
strength  changes  [147],  but  the  physical  reality  of  such  variations  has  not  yet 
been  established. 

4.4.12. 3  1.3  Initial  Structure 

The  meanders’  initial  size  is  reasonably  well  predicted  by  dynamic  theory 
[147, 149],  although  the  details  of  the  current  and  temperature  distributions  are 
not  yet  adequately  treated.  The  vertical  extent  of  the  growing  eddy  is  also  not 
explicitly  considered. 

4.4.12.3.2  Development 

4.4.12.3.2.1  Movement 

In  numerical  solutions  for  the  time-dependent  behavior  of  the  western 
boundary  current  [147],  the  movement  and  development  of  current  meanders 
is  predicted  in  a  seemingly  reasonable  fashion.  The  meanders  amplify  over 
a  period  of  about  10  days,  propagate  slowly  downstream  at  approximately  1/2  mph, 
and  generally  preserve  their  identity  in  much  the  manner  of  observed  meander  [148]. 

4.4.12.3.2.2  Structural  Changes 

See  Section  4.4.12. 3.2.1  (above). 

4.4.12.3.2.3  Associated  Phenomena 

The  apparent  formation  of  even  smaller-seale  eddies  by  the  developing 
meanders  may  be  an  important  associated  phenomenon,  but  rather  little  dynami¬ 
cal  predictability  exists  on  this  scale  at  present.  Likewise,  the  sea  surface 
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temperature  distribution  in  a  meander  is  not  now  directly  predicted,  although 
a  certain  coherence  with  the  surface  current  or  surface  geopotential  topography 
is  present. 

4.4.12.3.3  Dissolution 

4.4.12.3.3.1  Location 

There  is  very  little  demonstrated  dynamical  predictability  for  the 
dissipating  stages  of  current  meanders,  either  in  location  or  time.  The  present 
dynamical  model  integrations  are  strongly  influenced  in  this  respect  by  artificial 
boundaries  [147]. 

4.4.12.3.3.2  Time 

See  Section  4.4.12.3.3.1  (above). 

4.4.12.  3.3.3  Final  Structure 

The  slow  reduction  of  the  current  and  temperature  gradients  characterizing 
an  oceanic  meander  is  consistent  with  dynamical  theory,  although  the  predict¬ 
ability  of  these  processes  is  now  small.  Interactions  with  the  deeper  part  of 
the  ocean  and  with  the  atmosphere  are  apparently  important  processes  in  meander 
dissolution. 

4.4,12.4  Predictability  Extension 

The  application  of  available  dynamical  models  to  actual  ocean  basins  would 
probably  contribute  a  significant  predictability  increase  of  meander  formation 
and  behavior.  The  dissipating  stages’  dynamics  are  probably  more  complicated, 
although  simplified  model  integrations  may  well  provide  some  new  predictability 
or  at  least  description  of  this  stage.  The  problem  of  adequate  data  resolution  is 
quite  important  for  the  study  of  oceanic  meanders;  insufficient  coverage  on  the 
scales  from  25-250  mi  can  easily  obscure  or  seriously  distort  the  meanders' 
apparent  structure  [150j. 
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4.4.13  Long  Oceanic  Waves  and  Tsunami 


4.4.13. 1 _ Dynamical  Predictability  Summary 
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4.4.13.2  Introduction 

Long  oceanic  waves  are  those  large-scale  motions  of  the  sea  surface 
caused  by  an  impulsive  disturbance  in  the  sea  with  the  wave  energy  spreading 
outward  across  the  ocean.  Submarine  volcanos,  landslides,  and  earthquakes 
are  the  principal  natural  causes  of  such  waves,  to  which  underwater  nuclear 
explosions  may  now  be  added  as  an  artificial  source.  The  surface  waves,  often 
referred  to  as  seismic  sea  waves  or  tsunami,  are  of  very  small  amplitude  in 
the  open  sea,  but  may  assume  very  large  size  upon  moving  into  shallow  (coastal) 
waters.  From  the  dynamical  viewpoint  such  waves’  behavior  in  the  open  sea 
appears  predictable  with  considerable  acuracy:  it  is  the  occurrence  of  such 
waves  which  is  at  present  almost  totally  uncertain. 

4.4.13.3  Predictability  Survey 

4,4.13.3.1  Occurrence 

4.4.1 3.  3.1 .1  Location 

No  dynamical  predictability,  although  the  general  region  of  the  North 
Pacific  basin  is  known  to  be  that  of  greatest  natural  tsunami  occurrence. 

4.4,13.3.1.2  Time 

No  dynamical  predictability  of  tsunami  initiation;  see  Section  4.4.13.  3.2.1 
(below). 
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4.4,13.3.1.3  Initial  Structure 

No  dynamical  predictability. 

4,4.13.3.2  Development 

4.4.13.3.2.1  Movement 

Once  a  tsunami  wave  train  is  initiated,  its  movement  across  the  ocean  is 
governed  to  a  large  extent  by  the  shape  and  depth  of  the  ocean  bottom  contours 
[151].  The  tsunami  moves  as  a  long  external  gravity  wave  (or  “shallow  water” 
wave),  and  is  refracted  in  much  the  same  manner  as  oceanic  coastal  swell.  Travel 
times  to  a  given  coastal  point  are  predictable  with  an  accuracy  of  about  3%  [152], 
or  about  +  10  min  for  oceanic  dimensions  and  speeds  of  about  500  mph. 

4.4.13.3.2.2  Structural  Changes 

During  its  development  and  movement,  the  tsunami  wave  height  remains 
quite  small,  but  may  rapidly  amplify  to  the  order  of  5—3  0  m  upon  entering  shallow 
water.  This  amplification  is  to  some  extent  predictable  by  dynamical  methods, 
from  a  knowledge  of  the  local  water  depths.  The  observed  local  wave  height 
variability,  however,  is  quite  large  [153]. 

4.4.13.3.2.3  Associated  Phenomena 

The  more  important  phenomena  associated  with  tsunami  waves  are  probably 
the  effects  on  an  exposed  shore,  such  as  the  coastal  sand  and  sediment  transport 
and  the  local  current  systems  induced  in  harbors  and  bays.  Such  effects  have  a 
relatively  small  dynamical  predictability. 

4.4.13.3.3  Dissolution 

4.4.13.  3.3.1 _ Location 

Most  of  the  tsunami  wave  energy  is  dissipated  in  surf  at  coasts,  and  in  this 
sense  there  exists  a  dynamical  predictability  for  the  location  of  dissolution.  A 
part  of  the  tsunami  wave  energy  may  be  reflected  from  some  coasts  [154],  and 
there  is  probably  a  continuous  dissipation  as  the  waves  propagate  across  the  ocean. 

4,4.13.3,3.2  Time 

See  Sections  4.4.13.3.2.1  and  4.4.13.3.3.1  (above). 
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4.4.13.3.3.3  Final  Structure 


Interpreting  the  final  structure  of  the  dissipating  tsunami  as  that  of  the 
coastal  “tidal  wave”  and  the  induced  local  flows,  only  a  relatively  small  dynamical 
predictability  now  exists. 

See  Section  4.4.13.  3.2.3  (above). 

4.4.13.4  Predictability  Extension 

Further  research  on  the  in-transit  dissipation  of  long  wave  energy  and  on  the 
effects  of  internal  oceanic  stratification  on  wave  propagation  should  contribute 
to  an  increased  predictability  of  tsunami  structure.  Research  on  the  effects  of 
local  water  depth  in  coastal  areas  on  the  tsunami  wave  height  is  also  very  much 
in  order. 
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4 . 4 . 14 .  2  Introduction 

Internal  waves  occur  in  the  ocean  in  regions  of  strong  density  gradients, 
caused  either  by  temperature  or  salinity  differences.  Some  of  the  properties  and 
behavior  of  these  waves  are  predictable  by  dynamical  theory,  in  much  the  same 
manner  as  the  corresponding  atmospheric  phenomena. 

4.4.14.  3  Predictability  Survey 

4.4.14.3.1  Occurrence 

4.4.14.3.1.1  Location 

Favored  regions  for  internal  wave  occurrence  are;  the  oceanic  thermocline, 
the  lower  boundary  of  relatively  fresh  surface  waters,  and  the  boundary  between 
two  water  masses  of  significantly  different  salinities.  The  theory  of  the  general 
circulation  of  ocean  currents  and  the  theory  of  the  upper  mixed  oceanic  layer 
hence  provide  a  certain  predictability  for  the  location  of  internal  wave  occurrence. 
The  overall  accuracy  is  low,  however,  in  view  of  the  apparently  widespread  occur¬ 
rence  of  internal  waves. 

4.4.14.3.1.2  Time 

Very  little  dynamical  predictability  exists  for  the  timing  of  the  occurrence 
of  oceanic  internal  waves.  The  progressive  formation  of  density  gradients  can 
be  predicted  in  only  a  gross  fashion,  with  very  little  resolution  on  the  scale  of 
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the  internal  waves. 


4.4.14.  3.1.3  Initial  Structure 

Given  the  occurrence  of  an  internal  wave  perturbation,  the  distribution 
of  velocity  and  density  (temperature  and/or  salinity)  with  respect  to  an  inter¬ 
face  or  zone  of  maximum  gradient  is  predictable  by  dynamical  theory  [155], 
as  long  as  the  initial  amplitude  of  the  wave  is  relatively  small.  The  accuracy 
may  be  estimated  as  about  30%,  in  view  of  the  prominent  irregularities  in 
natural  oceanic  internal  waves  [156]. 

4.4.14. 3.2  Development 

4.4.14.3.2.1  Movement 

The  internal  wave’s  propagation  speed  is  predictable  with  an  accuracy 
of  about  50%  by  the  perturbation  theory  [155].  In  many  instances,  however, 
the  waves  are  distorted  or  dissipated  over  relatively  short  distances  of  the 
order  of  a  few  wavelengths . 

4.4.14.3.2.2  Structural  Changes 

The  waves’  structural  changes  are  rather  poorly  predicted  by  dynamical 
methods.  The  waves’  amplitude  (as  measured,  say,  by  isotherm  displacement) 
often  t  eaches  the  order  of  30  ft,  with  an  attendant  amplification  oi  the  internal 
current  field.  Such  effects  are  not  adequately  handled  by  the  present  linear 
models  of  wave  motion,  although  non-linear  formulations  presumably  could 
improve  the  situation. 

4.4.14.  3-2,3  Associated  Phenomena 

Very  little  dynamical  predictability  exists  for  secondary  phenomena 
associated  with  Internal  ddeanic  waves. 

4.4.14.  (1.3  Dissolution 

4.4.14,3.3.1  tobatibn 

The  prediction  of  the  waves'  dissipation  by  dynamical  methods  is  possible 
only  in  general  outline,  in  view  of  the  relatively  incomplete  knowledge  of  the 
diffusive  and  frictional  processes  acting  [157].  This  Is  true  with  respect  to 
both  the  location  and  time  of  internal  wave  dissolution. 
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4.4.14.3.3.2  Time 

See  Section  4.4.14.  3.3.1  (above). 

4.4.14.3.3.3  Final  Structure 

Very  little  predictability  by  dynamical  methods. 

4.4.14.4  Predictability  Extension 

The  application  of  numerical  integration  techniques  based  upon  a  non¬ 
linear  dynamical  model  of  the  internal  oceanic  waves  may  be  expected  to  signi¬ 
ficantly  increase  the  predictability  of  the  waves’  structural  changes  and  ampli¬ 
fication.  The  role  of  turbulent  dissipation  also  needs  further  attention,  and 
the  importance  of  obtaining  adequate  data  resolution  in  depth  continues  to 
require  consideration. 
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4.4.15. 2  Introduction 

The  surge  or  oceanic  storm  tide  represents  the  piling  up  or  driving  of 
water  against  coastal  areas  by  a  strong  and  usually  persisting  wind  field.  Until 
quite  recently  the  surge  and  the  accompanying  serious  coastal  flooding  could 
only  be  forecast  in  a  general  empirical  fashion.  In  the  past  few  years,  a  rather 
significant  dynamical  predictability  has  been  developed  which  places  the  storm 
surge  among  those  geophysical  phenomena  of  the  highest  predictability.  This 
success  has  resulted  in  an  operational  surge  prediction  capability  linked  to  that 
for  the  low-level  wind. 

4.4.15.  3  Predictability  Survey 

4.4.15. 3.1  Occurrence 

4.4.15.3.1.1  Location 

The  location  and  timing  of  the  surge  occurrence  follows  directly  from 
the  numerical  solution  of  the  governing  dynamical  model,  in  which  the  water 
height  is  directly  predicted  as  a  function  of  time  over  the  affected  ocean  area, 
bay  or  lake  [158,  159,  160,  161].  The  accuracy  is  relatively  high;  of  the  order 
of  75 %  on  an  overall  verification  basis,  with  the  local  timing  of  the  surge  accurate 
to  about  +  1  hr  and  the  water  height  accurate  to  about  +  1  ft.  Perhaps  more  signi¬ 
ficant  is  the  dynamical  ability  to  delineate  the  areas  of  high  (and  low)  water  with 
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this  same  or  tier  of  accuracy. 


4.4.15.3.1.2  Time 

See  Section  4.4.15.  3.1.1  (above). 

4.4.15.  3.1.3  Initial  Structure 

See  Section  4.4.15.  3.1.1  (above). 

4.4.15. 3.2  Development 

4.4.15.  S.2-.!  Movement 

With  a  continuously  changing  wind  field,  the  surge  tide  may  recede  or 
propagate  to  new  coastal  areas,  or,  in  the  case  of  lakes,  a  free  oscillation  of 
the  total  water  mass  may  be  set  up.  A  series  or  succession  of  surges  may  then 
occur  long  after  the  cessation  of  the  wind  field  [160].  These  movements  and  the 
associated  water  heights  likewise  appear  predictable  with  present  theory  with 
an  accuracy  of  about  75  percent. 

4.4.15.  3.2.2  Structural  Changes 

See  Section  4.4.15.  3.2.1  (above). 

4.4.15.  3.2.3  Associated  Phenomena 

The  prediction  of  water  height  directly  provides  a  prediction  of  the  transient 
current.  Verification  in  this  case  is  more  difficult,  and  the  purely  surge-induced 
current  may  be  obscured  by  tidal  or  other  internal  flows.  A  present  practical 
accuracy  of  about  50%  may  be  estimated. 

4.4.15. 3.3  Dissolution 

4.4.15.3.3.1  Location 

As  the  surge  dissipates  or  recedes  into  the  open  ocean,  its  distinctive 
character  is  gradually  lost  as  the  effects  of  turbulent  dissipation  and  friction 
become  dominant.  The  dynamical  models’  solutions  have  been  extended  into 
this  stage  with  some  success,  although  the  predictability  is  clearly  less  than 
that  for  the  earlier  stages. 

4.4.15. 3.3.2  Time 

See  Sec.'ion  4.4.15.  3.3.1  (above). 
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4.4.15.  3.3.3  Final  Structure 


See  Section  4.4.15.  3.3.1  (above). 

4.4.15.4  Predictability  Extension 

The  improvement  of  low-level  wind  predictability  would  have  a  direct 
reflection  on  the  dynamical  predictability  of  surges.  A  further  improvement 
could  be  expected  as  the  result  of  continued  research  on  the  dissipative  processes 
of  bottom  and  lateral  friction.  The  effects  of  an  internal  density  stratification 
upon  surge  behavior  also  need  attention. 


4.4.16  Oceanic  Convective  Cells 


4.4.16.1  Dynamical  Predictability  Summary 


Occurrence 

Location 

•;*.r  .  "•  " 

Time 

Initial  structure 

Development 

Movement 

Structural  changes 

Associated  phenomena 

y 

Dissolution 

Location 

Time 

Final  structure 

ft 

0  Relative  predictability  100% 


4.4.16.2  Introduction 

Convective  motion  in  the  ocean  appears  to  occur  principally  in  the  upper 
water  layers,  under  the  influence  of  the  surface  exchange  processes  with  the 
atmosphere.  The  wind  stress  variations  induce  a  system  of  convective  circula¬ 
tions  which  penetrate  to  several  hundred  meters  depth,  with  an  accompanying 
mixing  of  the  surface  waters.  This  action  of  the  wind  was  first  studied  dynami¬ 
cally  by  Ekm&n  in  1905  [162],  and  extension  and  modifications  of  his  basic  theory 
continue  to  be  made.  In  particular,  the  effects  of  the  internal  density  stratification 
have  begun  to  be  considered  [163,  164],  although  significant  dynamical  predict¬ 
ability  is  still  confined  to  convective  motion  in  the  upper  layers. 

4.4.16.  3  Predictability  Survey 

4.4.16. 3.1  Occurrence 

4.4.16.3.1.1  Location 

The  horizontal  and  vertical  water  circulations  induced  by  surface  wind 
and  surface  temperature  variations  are  predictable  by  dynamical  theory  [162, 

163,  164]  to  the  extent  of  a  specification  of  the  general  size,  shape  and  intensity 
of  the  convective  cells.  The  ceils’  growth  rates  may  also  be  estimated. 

4.4.16. 3.1.2  Time 

See  Section  4.4.16.  3.1.1  (above).. 
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4.4.16.3.1.3  Initial  Structure 


The  wind-induced  vertical  motions  at  the  base  of  the  oceanic  thermociine 
are  reasonably  well  predicted  by  dynamical  theory  [164],  but  the  accompanying 
thermal  structure  changes  are  not. 

4.4.16.  3.2  Development 

4.4.16.  3.2.1  Movement 

There  is  less  dynamical  predictability  of  the  transient  changes  or  movement 
of  the  oceanic  convective  cells  than  of  their  steady-state  features.  With  continued 
surface  forcing,  the  convective  cells  probably  propagate  dow  ward;  at  present  only 
the  outlines  of  such  action  have  been  studied  under  idealized  conditions  [165].  There 
is  a  growing  empirical  and  statistical  predictability  of  the  behavior  of  the  mixed 
layer,  however. 

4.4.16.  3.2.2  Structural  Changes 

See  Section  4.4.16.  3.2.1  (above). 

4.4.16.  3.2.3  Associated  Phenomena 

See  Section  4.4.16.  3.2.1  (above). 

4.4.16.  3.3  Dissolution 

4.4.16.  3.3.1  Location 

There  is  little  dynamical  predictability  at  this  stage;  the  effects  of  turbulent 
mixing  and  internal  friction  are  probably  dominant  and  are  inadequately  considered 
in  present  theory.  The  same  remarks  apply  to  the  timing  of  the  dissipative  stage 
as  well  as  to  the  cells’  final  structure, 

4.4.16.  3,3.2  Time 

See  Section  4.4.16.  3.3.1  (above). 

4.4.16.  3.3.3  Final  Structure 

See  Section  4,4.16.  3.3.1  (above). 

4.4.16.4  Predictability  Extension 

The  further  treatment  of  transient  effects  in  oceanic  convective  motions 
and  increased  consideration  of  the  internal  density  structure  may  be  expected  to 
extend  the  dynamical  predictability  significantly.  The  total  dynamics  of  these 
motions  involve  the  entire  problem  of  the  ocean-atmosphere  interaction;  an 
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extensive  research  program  on  this  general  subject  would  doubtless  advance 
the  predictability  not  only  of  the  oceanic  convective  motions,  but  of  mi  ny  other 
prominent  atmospheric  and  oceanic  phenomena  as  well.  The  systematic  collection  . 
of  observational  data  is  probably  as  important  in  such  an  effort  as  is  the  develop- 
ment  of  theory:  the  greatest  predictability  advances  in  geophysical  phenomena  to 
date  appear  to  have  resulted  from  an  effective  union  of  both  efforts.  The 
phenomenon  of  oceanic  convective  cells  is  no  exception  in  this  regard. 
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4.5  Predictability  Summary 

The  current  status  and  foreseeable  advances  in  the  prediction  of  various 
geophysical  phenomena  have  been  reviewed  from  the  statistical  point  of  view  in 
Section  4.3.  The  recults  are  summarized  in  Table  4-1,  which  classifies  each 
phenomenon  in  terms  oi‘  the  operational  readiness  of  statistical  forecasting  techni¬ 
ques.  No  attempt  has  been  made  to  estimate  the  accuracy  attainable  by  these 
techniques  but  it  is  implied  a  “successful”  technique  is  under  discussion,  i.e„ 
one  with  sufficient  accuracy  to  be  considered  operationally  acceptable.  An 
attempt  has  been  made  to  be  comprehensive  in  the  survey  of  statistical  methods 
since  in  the  present  and  foreseeable  state  of  the  art  these  are  more  widely 
applicable  to  the  many  geophysical  phenomena  of  potential  interest  than  other 
available  methods. 

While  the  detailed  reviews  of  statistical  prediction  have  been  referred  to 
specific,  individual  phenomena,  there  are  also  sets  of  conditions  relatable  to 
operational  interests  as  given  by  the  items  in  Table  2-2,  for  which  it  is  desirable 
to  estimate  predictability.  An  attempt  has  been  made  to  do  this,  largely  on  a 
judgmental  basis,  by  identifying  the  individual  phenomena  in  the  set  and  referring 
back  t<.  the  detailed  review  of  the  individual  phenomena.  The  results  are  shown 
in  Table  4-1  under  the  heading  “Combinations  of  Phenomena,” 

A  parallel  survey  of  prediction  by  dynamical  methods  has  been  made  in 
Section  4.4.  The  results  are  summarized  in  Table  4-2,  which  presents  an  overall 
estimate  of  predictability  for  each  geophysical  item.  These  estimates  are 
weighted  heavily  in  terms  of  the  present  state  of  developments  and  hence  are  to 
be  read  as  reflecting  presently  feasible  systems  with  prediction  accuracies  as 
shown  in  the  table.  It  is  noted  that  relatively  fewer  phenomena  have  been  sur¬ 
veyed  in  the  dy.  imical  case,  reflecting  the  lower  number  of  phenomena  for  which 
dynamical  techniques  exist.  Thts  latter  is,  of  course,  a  direct  consequence  of 
the  essential  requirement  for  understanding  the  process  involved  if  dynamical 
techniques  are  to  be  developed.  It  is  readily  understandable  that  extensive  obser¬ 
vation  should  precede  comprehension  and  therefore  that  statistical  prediction 
should  find  wider  application.  For  those  cases  shown  in  Table  4-2,  where  dynami¬ 
cal  techniques  are  feasible,  the  results  can  be  taken  together  with  those  for  the 
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corresponding  statistical  methods  to  obtain  an  estimate  of  the  best  attainable 
predictability  of  the  phenomenon  without  regard  to  method.  Such  a  comparison 
cannot  be  made  between  Tables  4-1  and  4-2,  since  the  results  are  in  somewhat 
different  form.  This  matter  will  be  taken  up  in  conjunction  with  overall  estimates 
of  prediction  feasibility  in  Section  6.0. 
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4.6  Future  developments  in  Prediction 

Wheras  the  outlook  for  improved  prediction  of  indiv  dual  geophysical  factors 
has  been  indicated  in  Sections  4.3  and  4.4,  it  is  desirable  to  consider  future 
developments  from  a  somewhat  different  and  perhaps  broader  point  of  view.  This 
point  of  view  is  provided  by  examining  the  directions  and  levels  of  effort  which 
characterize  current  research  devoted  to  fields  capable  of  enlarging  the  found¬ 
ations  upon  which  improved  prediction  techniques  must  rest. 

Although  there  has  been  recurrent  interest  in  modelling  techniques,  it  has 
generally  been  at  a  very  low  level  and  spasmodic  in  nature.  Since  this  situation 
still  persists  at  present  with  no  well  developed  program  in  view,  it  appears 
highly  unlikely  that  this  approach  will  exercise  a  pervasive  influence  in  the 
prediction  of  varied  geophysical  factors,  although  individual  developments  of  some 
significance  are  not  improbable. 

The  development  of  dynamical  methods,  un  the  other  hand,  continues  to  receive 
rather  widespread  attention,  and  some  important  successes  have  been  achieved. 
Nevertheless,  the  attention  and  the  successes  both  have  been  generally  restricted  to 
the  large  scale  phenomena  characteristic  of  planetary  circulations.  This  need  not 
be  the  case,  however,  and  increasing  attention  to  smaller  scale  geophysical  pheno¬ 
mena  of  more  immediate  and  direct  interest  to  naval  operations  can  be  expected. 

In  the  case  of  statistical  prediction  it  is  important  to  differentiate  between 
studies  of  geophysical  prediction  and  statistical  developments  generally  which  are 
applicable  to  geophysical  prediction.  In  the  former  case  there  is  a  modest  but 
growing  activity  in  which  The  Travelers  Research  Center,  Inc.-,  is  a  principal  force, 
and  the  outlook  is  for  extensively  increased  efforts  in  this  direction  as  the  military 
meteorological  services  and  the  U.S.  Weather  Bureau  turn  ever  more  tc  automation, 
computer-based  systems,  and  objective  forecasting  techniques.  An  important  consi¬ 
derate  on  in  addition,  however,  is  the  latter  case  represented  by  widespread  research 
programs  now  going  on  in  the  field  of  mathematical  statistics  which  are  concerned 
with  problems  having  a  direct  bearing  on  the  prediction  problem. 

The  framework  within  which  the  application  of  statistics  is  likely  to  be  viewed 
in  the  future  is  that  of  data  analysis,  a  term  which  has  been  given  special  signifi¬ 
cance  by  Professor  John  W.  Tukey.  Professor  Tukey  has  discussed  his  views  on 
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data  analysis  in  a  sixty-seven  page  article  entitled  “The  Future  of  Data  Analysis” 
in  the  March  1962  issue  of  the  Annals  of  Mathematical  Statistics.  He  takes  data 
analysis  to  include,  among  other  things,  procedures  for  analyzing  data,  techni¬ 
ques  for  interpreting  the  results  of  such  procedures,  ways  of  planning  the  gathering 
of  data  to  make  its  analysis  easier,  more  precise  or  more  accurate,  and  all  the 
machinery  and  results  of  (mathematical)  statistics  which  apply  to  analyzing  data.” 

With  the  general  availability  of  high  speed  computers  it  is  reasonable  to 
extend  the  present  concepts  of  data  analysis  to  include  the  objective  classification 
of  prediction  problems.  The  objectives  would  be  to  establish  automated  means 
for  identifying  and  applying  the  most  appropriate  statistical  prediction  techni¬ 
que  or  techniques  to  the  particular  set  of  data,  geophysical  oi  otherwise,  under 
consideration.  To  avoid  the  unnecessary,- processing  is  assumed  to  be  confined 
to  admissible  and  preferably  complete  classes  of  statistical  procedures. 

The  concept  of  objective  problem  classification  in  the  framework  of  data 
analysis,  perhaps  in  conjunction  with  an  extensive  network  of  interconnected  com¬ 
puter  installations  throughout  the  country,  has  been  considered  and  an  outline  of 
the  components  of  such  a  data  analyzer  system  is  given  in  Appendix  4-B.  Whether 
such  a  system  ever  becomes  fully  automated  or  not,  the  outline  suggests  the  range 
of  consideration  which  enter  into  the  design  of  prediction  techniques,  and  the  great 
diversity  of  statistical  techniques  now  available  or  being  further  developed  which 
have  application  to  the  prediction  problem. 

The  significance  of  the  current  emphasis  on  new  and  improved  statistical 
techniques,  aided  and  made  practicable  by  modern  computers,  is  important  to 
recognize:  it  is  xn  the  nature  of  statistical  techniques,  generally  speakina,  to  be 
concerned  with  probability  distributions  and  it  can  be  fairly  reliably  anticipated 
that  the  increasing  application  of  stati  stical  methods  to  the  prediction  of  geo¬ 
physical  factors  will  result  in  the  availability  and  eventual  popularization  of 
probability  forecasts  and  the  decline  of  the  more  familiar  categorical  forecasts. 


The  much  higher  information  content  of  the  probability  forecast,  itsfundament- 
ally  more  adequate  recognition  of  the  true  relationship  between  the  forecaster 
and  nature,  and  its  more  appealing  form  ?s  a  representation  of  nature  from  a 
mathematical  and  formal  point  of  view,  all  suggest  that  the  operational  decision 
framework  will  more  and  more  be  adapted  to  probability  forecasts.  The  potentia’ 
gains  from  this  development  seem  particularly  great  for  military  operational 
decision  making. 
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E.1.0  GENERAL  DESCRIPTION 
E.1.1  Phenomena  Types 

Our  principal  concern  is  with  the  major  synoptic  scale  weather  systems: 
extratropical  cyclones  and  anticyclones,  and  the  related  subject  of  air  masses. 


E.1.2  Associated  Weather  Phenomena 

We  shall  consider  as  well  the  particular  phenomena  of  large  areas  of 
strong  surface  winds,  cold  waves,  synoptic  scale  precipitation  areas  and 
blizzards. 


E.1.3  Characteristic  Geographic  Extent 

The  major  areas  of  stormy  and  fair  weather  in  the  temperate  zones  of 
the  earth  are  associated  with  cyclones  and  anticyclones,  respectively.  Varia¬ 
tions  in  the  weather  conditions  from  one  cyclone  or  anticyclone  to  another  are 
due  in  part  to  variations  in  the  air  masses  associated  with  them.  A  cyclone 
is  a  region  of  winds  having  an  approximately  rotational  flow  which  is  counter¬ 
clockwise  (clockwise)  in  the  Northern  (Southern)  Hemisphere.  The  horizontal 
extent  of  the  cyclone  may  be  of  the  order  of  1000  to  3000  km.  The  vertical 
extent  of  either  the  cyclone  or  anticyclone  may  be  defined  in  terms  of  the 
vertical  extent  of  the  cyclonic  or  anticyclonic  vorticity,  respectively.  The 
vertical  extent  of  the  cyclone  is  sometimes  definable  to  an  altitude  of  5  to  10 
km  above  the  earth’s  surface.  The  anticyclone  is  usually  characterized  by  a 
region  of  calm  air  near  the  center  surrounded  by  winds  blowing  clockwise 
(counterclockwise)  near  the  periphery  in  the  Northern  (Southern)  Hemisphere. 
The  horizontal  extent  of  the  anticyclone  may  be  as  great  as  2000  to  4000  km. 
The  vertical  extent  depends  on  the  nature  of  the  air  masses  involved,  the  cold 
anticyclone  being  shallow  (usually  less  than  5  km)  and  the  warm  anticyclone 
being  deep  (perhaps  10  km  or  more).  The  nearly  calm  area  of  the  anticyclone 
is  often  thought  of  as  the  region  of  formation  of  air  masses  while  the  cyclone  is 
the  region  of  their  interaction. 


*by  Frederick  Sanders,  Massachusetts  Institute  of  Technology,  and  Duane  S. 
Cooley,  The  Travelers  Research  Center,  me 
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The  specific  weather  phenomena  mentioned  generally  occupy  only  portions 
of  the  cyclonic  or  anti  eye  tonic  wind  regions.  However,  their  scale  is  comparable 
to  that  of  the  major  sys'ems-that  is,  of  the  order  of  1000  km.  We  shall  regard 
these  specific  phenomena  as  by  -products  of  the  cyclone- anticyclone  system. 

E.1,4  Characteristic  Process  and  Property  Involvement 
E.l.4.1  Basic  Forces 
Pressure  gradient 
coriolis 
centrifugal 
gravity 
buoyancy 

E.l.4.2  Modifying  Factors 
Surface  friction 
eddy  viscosity  of  air 
obstacles  (mountains) 
radiation 

E.l.4.3  Property  Transports 
Mass  of  air 

energy  (kinetic,  potential,  internal  including  latent) 

momentum 

vorticity 

humidity 

liquid  and  solid  water 
aerosols  and  particulates 
other  gaseous  components 

E.1.5  Characteristic  Variations  (Life  Cycle) 

The  migratory  cyclone  may  develop  in  from  10  to  20  hr  and  its  lifetime 
as  a  recognizable  wind  system  may  range  from  about  1  day  to  1  week.  The 
migratory  anticyclone  may  develop  more  slowly  but  have  a  similar  lifetime  as 
a  moving  wind  system.  The  ‘-'decay”  phase  of  these  vortices  may  consist  of  a 
merging  of  them  with  the  semi-permanent  surface  cyclonic  and  anticyclonie  wind 


wind  systems,  respectively,  or  with  other  migratory  systems.  The  semi¬ 
permanent  wind  systems  are  a  somewhat  larger  scale  of  entities,  such  as  the 
Icelandic  or  Aleutian  low-pressure  regions  in  the  case  of  cyclones  and  the  sub¬ 
tropical  belts  of  high-pressure  in  the  case  of  anticyclones.  In  this  merger  of 
wind  systems  we  see  the  first  inkling  of  a  major  difficulty  that  arises  in  deal  mg 
with  the  migratory  synoptic  circulations.  More  generally  it  is  one  aspect  of 
interaction  with  the  environment  which  calls  into  serious  question  the  validity 
of  trying  to  deal  with  these  circulations  as  separate  entities.  We  shall  look  at 
the  question  in  further  detail  when  we  consider  the  energy  budgets  of  these 
systems. 

Since  the  weather  in  either  cyclones  or  anticyclones  depends  to  a  large 
extent  on  the  static  stability  and  the  moisture  content  of  the  air,  among  other 
factors,  the  natural  rate  of  modification  of  these  characteristics  in  a  mass  of 
air  is  of  interest.  This  rate  of  modification  depends  c  1  the  rate  of  flow  of  the 
air  across  parallels  of  latitude,  over  masses  of  land  and  mountain  barriers,  and 
over  bodies  of  water,  all  of  which  tend  to  change  the  temperature  and  moisture 
distribution  of  the  air.  The  time  required  for  appreciable  natural  modification, 
may  range  from  1  to  15  days. 
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E.2.0  ASSESSMENT  OF  GEOPHYSICAL  FORGES  AND  MASS  OR  PROPERTY 


E.2.2  Scale  Analysis 

Forces  act  or  a  horizontal  scale  of  1000  km  and  a  vertical  scale  of  1  to 
10  km.  Forces  are  given  per  unit  of  mass. 

TABLE  E-l 

FORCE  AND  TERM  ANALYSIS 


Quantity 
(-fit  X  V) 
(-P-1  Vp) 

(F) 

(V.pV) 

(9pw/8z) 

(Op/  az) 

(V-V0) 

(w  — -) 

az' 


Order  of  magnitude 


-1  -2 
x.0  cm  sec 

, -2 
10  cm  sec 


-2  -2 
5  X  10  cm  sec 

-8  -3  -1 

10  gm  cm  sec 

,.-8  -3  -1 

10  gm  cm  sec 

1  -2  -2 
1  gm  cm  sec 

10"4  °K  sec-1 

5  X  10-6  to  5  X  10~5  ’K  sec' 


Description 

Coriolis  force 

Horizontal  pressure  force 

Horizontal  surface  frictional 
force 

Horizontal  mass  divergence 
Vertical  mass  divergence 
Vertical  pressure  gradient 
Thermal  advection 
Vertical  heat  transport 

Individual  temperature  change 

Advection  of  specific  humidity 

Vertical  transport  of  specific 
humidity 

Individual  humidity  change 

The  individuri  -'.perature-change  term  includes  diabatic  effects  such  as 
radiation,  latent  heat  transformations,  eddy  conduction  of  sensible  and  latent 
heat.  The  individual  humidity  change  term  includes  evaporation  and  condensa¬ 
tion  and  the  magnitude  is  expressed  in  terms  of  the  average  through  the  whole 
mass  depth  of  the  atmosphere.  Part  of  the  individual  humidity  change  term 
may  be  due  to  the  eddy  flux  of  humidity. 
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E.2.3  Characteristic  Structure 

Wind  speeds  near  the  earth’s  surface  in  migratory  cyclones  or  in  the 

periphery  of  migratory  anticyclones  are  typically  from  10  to  30  m  sec  \ 

The  westerly  wind  speeds  generally  increase  with  height  in  the  temperate 

latitudes  while  the  easterly  components  generally  decrease  with  height.  In 

~4 

moderate  winds  the  isobaric  slope  may  be  of  the  order  of  10  ,  correspond¬ 
ing  to  a  horizontal  pressure  gradient  of  1  mb  per  100  km. 

There  are  preferred  regions  of  formation  and  to  some  extent  preferred 
paths  of  cyclones  and  anticyclones. 


p  o  n 
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5,3.1  Energy  Budget 

What  is  surface  cyclogenesis?  Early  views  (Margules  [1])  held  that 
the  growing  strength  of  the  winds  of  the  developing  storm  was  to  be  regarded 
as  a  transformation  from  gravitational  potential  energy  of  mass  stratification 
into  kinetic  energy  of  the  winds .  The  loss  of  potential  energy  was  brought 
about  by  a  systematic  tendency  of  the  more  dense  air  to  sink  and  for  the  less 
dense  air  to  rise.  An  inference,  often  drawn  though  perhaps  not  intended, 
was  that  the  potential  energy  was  supplied  in  situ,  and  that  the  cyclone  could 
be  considered  to  some  extent  as  an  energetically  closed  system. 

It  became  apparent,  however,  that  this  view  was  not  realistic.  Spar  17 
[2],  for  example,  showed  that  there  was  little  correlation  between  cyclone 
intensification  and  contemporary  local  changes  in  potential  energy.  More 
recent  theoretical  and  observational  studies  of  the  steady-state  general 
circulation  have  shown  that  energy  transformations  of  the  type  visualized 
by  Margules  [1]  are  indeed  occurring  in  a  statistical  sense.  The  role  of  the 
cyclone,  however,  is  rather  one  of  an  agent,  receiving  its  kinetic  energy 
from  potential  energy,  and  passing  this  kinetic  energy  on  in  part  to  the  larger 
scale  motions  (and  losing  some  through  friction).  Radiational  and  other  diabatic 
heating  and  cooling  processes,  such  as  transformations  involving  latent  heat, 
together  with  motions  on  a  variety  of  scales,  act  to  restore  the  potential  energy 
distribution.  Cyclones  and  anticyclones  play  a  similar  role  in  the  transfer  of 
momentum  in  the  general  circulation.  The  overwhelming  importance  of  inter¬ 
action  is  clearly  evident. 

The  cyclones  and  anticyclones  are  large-scale  eddies  in  the  general 
circulation  of  the  atmosphere.  Lorenz  [3]  has  described  the  relations  between 
the  energy  of  the  large  scale  eddies  and  the  energy  of  the  zonal  flow.  In  this 
diagram  A  and  K  are  the  average  over  the  earth  of  the  available  potential  and 
the  kinetic  energies,  respectively.  The  quantities  G  and  G  are  the  zonal 

Z  6 

generation  and  eddy  generation  (or  destruction)  of  available  potential  energy 
by  non-adiabatic  processes.  The  quantities  D  and  D  are  the  zonal  dissipation 

Z  G 

and  the  eddy  dissipation  of  kinetic  energy  by  friction.  The  functions  C  ,  C,  , 

&  K 
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Fig.  E-l.  Schematic  energy  transformation  diagram. 

C  ,  and  C  represent  transforations  of  available  potential  and  kinetic  energy 
z  e 

between  zonal  forms  (whose  magnitude  may  vary  with  latitude)  and  eddy 
forms  (forms  whose  magnitude  may  vary  with  longitude). 

The  nature  of  the  general  circulation  as  postulated  by  Lorenz  [3]  is  well- 
described  by  Oort  [4]: 

“The  earth’s  surface  (per  unit  area)  receives  more  short  wave  radiation 
from  the  sun  ...  at  low  latitudes  than  at  high  latitudes,  while  the  amount  of 
long  wave  radiation  leaving  the  atmosphere  per  unit  area  is,  as  a  first  approxi¬ 
mation,  independent  of  latitude.  The  net  effect  is  an  excess  of  incoming  over 
outgoing  radiation  at  low  latitudes  and  a  deficit  at  high  latitudes.  This  process 
brings  a  north-south  temperature  gradient  into  existence,  which  is  unstable 
for  certain  baroclinic  wave  disturbances.  Maximum  instability  is  found  at 
about  the  wavelength  of  typical  cyclones  and  anticyclones.  These  eddy  cir¬ 
culations  (“eddies”)  cause  an  east-west  temperature  gradient  and  thus  convert 
zonal  into  eddy  available  potential  energy.  Through  the  action  of  vertical 
motions  the  eddy  potential  energy  is  partly  converted  into  eddy  kinetic  energy. 
The  eddies  appear  to  lose  further  energy  through  the  combined  action  of 
radiation,  condensation,  evaporation  and  heat  fluxes  near  the  ground.  The 
kinetic  energy  of  these  large-scale  eddies  is  subject  to  the  probable  destructive 
influence  of  smaller-scale  eddies  which  transfer  the  kinetic  energy'  to  still 
smaller  eddies.  This  cascade  of  the  kinetic  energy  to  smaller  and  smaller 
scales,  results  finally  at  the  molecular  scale  in  the  transformation  of  the 


kinetic  energy  into  heat.  A  significant  percentage  of  the  large-scale  eddy 
kinetic  energy  is  in  this  way  destroyed.  The  remaining  part  of  this  energy 
is  converted  up  the  scale  into  kinetic  energy  for  the  zonal  current  (the  con¬ 
version  being  expressed  by  C, ),  and  thus  maintains  the  zonal  current  against 

K 

the  frictional  dissipation  of  the  smaller  eddies.  Finally,  the  conversion  of 

zonal  potential  into  kinetic  energy,  C^,  brings  us  back  to  the  beginning  of  the 

cycle,  i.e.,  the  zonal  available  potential  energy.  This  conversion  has  proved 

to  be  small  and  may  even  have  a  negative  value,  i.e.,  K  is  converted  into 

z 

A  . 
z 

Thus,  the  cyclones  and  anticyclones  are  so  much  a  part  of  the  whole 
circulation  of  the  atmosphere,  that  an  evaluation  of  the  energy  balance  of  an 
individual  eddy  is  very  difficult  if  not  impossible  t.o  make.  Instead  we  shall 
present  estimates  of  the  average  values  of  the  terms  in  the  energy  cycle 
shown  in  the  figure  for  a  major  part  of  the  atmosphere,  usually  the  Northern 
Hemisphere.  While  we  are  concerned  with  the  problem  of  instigating  energy 
transformations  with  respect  to,  say,  one  cyclone  or  anticyclone,  the  mag¬ 
nitude  of  the  average  dependence  of  the  eddies  on  the  zonal  flow  would  seem  , 
to  be  of  importance. 

The  presence  of  net  heating  in  low  latitudes  and  net  cooling  in  high 

latitudes  is  the  primary  source  of  the  energy  of  the  general  circulation  and 

this  is  represented  by  the  zonal  generation,  G  ,  of  zonal  available  potential 

z 

energy,  K  .  Most  of  this  energy  is  converted  into  eddy  available  potential 
z 

energy,  A^.  According  to  Lorenz  [3]  the  eddies  probably  destroy  potential 
energy  so  that  Gg  is  usually  negative.  The  destruction  process  occurs  through 
the  ncn-adiabatic  heating  of  southward  moving  air  and  the  non-adiabatic  cool¬ 
ing  of  northward  moving  air.  This  would  imply  that  “local”  generation  of  eddy 
available  potential  energy  would  have  to  overcome  this  natural  dissipation 
except  near  longitudes  preferred  for  energy  release.  The  kinetic  energy  large- 
scale  eddies  and  zonal  flow  is  dissipated  by  friction  including  small  scale 
turbulence.  The  estimates  of  the  energy  budget  of  the  aggregate  of  cyclones 
and  anticyclones  will  now  be  considered. 
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E. 3.1.1  Storage  Estimates 

From  Saltzman  and  Fleisher  [5]  it  is  estimated  that  for  the  Northern 
Hemisphere  in  winter: 

28 

A  =  Zonal  available  ootential  energy  ~  5.5  X  10  ergs, 
z 

28 

A  =  Eddy  available  potential  energy  ~  1.4  X  10  ergs 
6 

It  can  be  shown  that  for  a  large  cyclone,  assuming  a  radius  of  2000  km  and 

_4 

a  depth  of  12  km  with  the  mean  temperature  250  deg  K  and  p  -  7  X  10  gem 

A  =  200  1  (P+I)  (according  to  Lorenz  [3],  where  P  and  I  are  the 
potential  and  internal  energies) 

Ag  =  200  1  (gp  Z  +  c^pT)  X  volume  of  the  cyclone 

=  110  X  1025  ergs. 

From  another  paper  of  Saltzman  and  Fleisher  [6]  it  is  estimated  that  for 
the  Northern  Hemisphere  in  winter: 

-  zonal  kinetic  energy 
25 

=  370  X  10  ergs 
Kg  =  eddy  kinetic  energy 

=  480  X  1025  ergs 

For  a  large  cyclone,  assuming  a  depth  of  0.8  pQ,  and  V=20  m  sec  1, 

26 

Kg  =  10  ergs. 

For  a  small  cyclone,  assuming  a  depth  of  0,1  pQ  and  V=20  m  sec  ,  with  a 
radius  of  750  km, 

24 

Kg  =  4  X  10  ergs. 

E.3.1.3  Transformation-rate  Estimates 

We  have  adapted  the  values  stated  below  from  Ooort’s  summary  [4]  of  the 
estimates  for  the  Northern  Hemisphere  winter  made  by  several  authors. 

G  =  Zonal  generation  of  zonal  available  potential  energy 
z 

25  -1 

~  70  X  10  erg  day  . 
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a  25  -1 

eddy  available  potential  energy,  C  »  70  X  10  erg  day  .  The  evaluation 

cl 

of  C  depends  on  the  correlation  of  temperature  deviations  with  horizontal 

cl 


eddy  components  of  the  wind. 


C  =  rate  of  eddy  generation  (or  destruction)  of  available  potential 


energy  by  non-adiabatic  processes,  G 


25  -1 

10  X  10  erg  day  . 


C  =  transformation  rate  of  eddy  available  potential  energy  to  eddy 
6  25  -1 

kinetic  energy,  Cg  «  60  X  10  erg  day  .  It  is  doubtful  that  this  quantity 
has  been  evaluated  for  individual  cyclones  and  anticyclones. 

C.  =  rate  of  transformation  of  eddy  kinetic  energy  to  zonal  Idnetic 

^  25  -1 

energy,  «  10  10  erg  day  . 


C  -  rate  of  transformation  of  zonal  kinetic  energy  to  available 
z 


zonal  potential  energy  «  0. 


Evaluation  of  these  transformation-rate  terms  for  individual  cyclones  or 
anticyclones  may  be  extremely  difficult.  It  should  be  noted  that  the  formula¬ 
tions  of  C  ,  C  ,  and  C  given  by  Lorenz  [3]  are  applicable  only  to  a  closed 
a.  6  k 

system  such  as  the  whole  atmosphere.  Due  to  limited  data  many  of  the  above 
estimates  were  made  for  most  of  the  Northern  Hemisphere,  assuming  that 
transfer  across  the  equator  is  negligible. 

This  leaves  us  with  the  question  of  the  natural  rate  of  air  mass  modifica¬ 
tion.  Consider  nature’s  best  moderator,  the  Gulf  Stream.  Estimates  of  the 

energy  provided  by  the  ocean  in  the  modification  of  winter  continental  air 

-1  5  -2  -1 

masses  can  be  as  large  as  1  ly  min  or  7.1  X  10  erg  cm  sec  . 


E.3.1.3  Dissipation-rate  Estimates 

D  =  rate  of  frictional  dissipation  of  eddy  kinetic  energy.  From  the 
e 

transformation-rate  estimates  of  C  and  C,  for  the  Northern  Hemisphere: 

6  K 

25  -1 

Dg  ~  50  X  10  erg  day  . 

D  =  rate  of  frictional  dissipation  of  zonal  kinetic  energy  «  10  X  10 

.  -1  Z 
erg  day  . 
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E.3.2  Bistabilities 

Theoretical  studies  of  hydrodynaxnical  instability  applied  co  meteorology 
have  expressed  the  limitations  on  the  growth  of  wave  perturbations  in  a  zonal 
current  with  Or  without  vortical  wind  shear  [7, 8, 9, 10,  111.  The  growth  of 
disturbances  in  the  lower  and  middle  atmosphere  has  been  observed  for  several 
decades.  Petterssen  [12]  sees  the  development  (cyclogenesis)  processes  as 
immensely  complex  and  greatly  dependent  on  the  height  and  configuration  of 
the  level  of  non-divergence  and  on  the  structure  of  the  atmosphere  below  this 
level.  However,  it  is  weil- known  that  there  are  preferred  regions  of  instability 
of  lower  atmospheric  ilow  and  that  these  are  over  strong  surface  warming  or 
in  the  iee  of  mountain  rang-  s,  or  both.  The  extent  to  which  it  is  possible  to 
implement  or  dampen  cyclogenesis  by  augmenting  or  depleting  these  effects 
is  not  well  understood. 


E.4.0  PREDICTABILITY  AND  SIMULATION 
E.4.1  Theoretical 

At  present  the  general  theory  of  the  predictability  of  hydrodynamic  flow 
is  incomplete.  Lorenz  [13]  comments:  “It  may  be  that  within  a  few  years, 
when  even  bigger  (sic)  and  faster  computers  are  available,  and  we  have 
included  the  physical  processes  which  we  know  about  now,  we  shall  obtain 
highly  accurate  short-range  forecasts.  Perhaps,  on  the  other  hand,  we  have 
nearly  reached  the  limit  which  current  errors  in  measurement  place  on 
predictability  by  dynamical  methods.” 

Further,  on  statistical  forecasting  [13]:  “The  main  stumbling  block  in 
statistical  forecasting  is  the  necessity  for  any  sample  of  observations  of  the 
past  behavior  of  a  system  to  be  finite  in  size.  As  a  result,  we  can  always 
find  an  infinity  of  formulas  which  the  sample  of  data  fits  exactly,  provided 
that  we  allow  the  formulas  to  become  complicated  enough.  The  sample  itself 
provides  no  basis  for  selection  among  these  formulas,  which  ordinarily  give 
widely  varying  results  when  applied  to  new  data,  and  which  probably  do  not 
include  the  most  appropriate  formula,  anyway. 

“There  is  therefore  no  such  thing  as  a  “best”  formula,  from  the  point  of 
view  of  a  single  sample,  and  we  must  seek  instead  the  best  formula  of  a  specified 
restricted  type.  In  all  probability  the  arbitrary  restrictions  will  exclude  the 
formula  which  is  really  most  appropriate.” 

E.4.2  Experimental 

Some  useful  studies  of  the  effects  of  weather  modification  by  heating  or 
cooling  certain  regions  may  be  made,  in  the  laboratory  by  examining  the 
effects  of  heating  and  cooling  on  rotating  fluids.  More  general  quantitative 
results  can  probably  be  obtained  by  simulating  the  atmosphere  in  the  form 
of  mathematical  models  for  solution  on  electronic  computers.  The  behavior 
of  these  models  can  then  be  observed  under  varying  conditions  to  improve 
predictions  and  explore  methods  of  modification  [14].  Several  years  of  such 
research  will  probably  be  necessary  before  any  reasonable  attempt  can  be 
made  to  modify  the  synoptic  scale  systems  in  the  real  atmosphere. 
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5,4,3  Empirical 

An  example  of  the  predictability  of  surface  cyclones  is  given  by  Veigas 
and  Ostby  [1 5]  in  their  application  of  a  statistical  model  to  the  motion  and 
intensification  of  cyclones  near  the  east  coast  of  the  United  States.  Their 
verification  results  on  106  independent  cases  show  a  24-hr  forecast  rms 
vector  error  of  four  degrees  latitude  and  a  24-hr  forecast  deepening  rms 
error  of  8.6  mb.  A  comparison  was  also  made  of  31  statistical  forecasts 
with  forecasts  made  by  the  National  Meteorological  Center  (NMC).  The 
NMC  forecasts  of  cyclone  motion  and  intensification  are  made  subjectively 
with  the  aid  of  dynamical  computer  forecasts  of  upper  air  conditions.  The 
rms  vector  error  for  cyclone  location  was  2.25  deg  of  latitude  for  the  24-hr 
statistical  forecasts  and  3.87  deg  of  latitude  for  the  18-hr  NMC  forecasts. 
Rms  errors  of  central  pressure  forecasts  were  8.14  mb  for  the  statistical 
forecasts  and  7.25  mb  for  the  NMC  forecasts.  The  NMC  forecasts  were  made 
during  January  and  February  1960,  and  it  is  believed  that  improvements  have 
been  made  in  the  NMC  forecasts  since  that  time. 
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E.5,0  MODIFICATION  OP.  CONTROL  FEASIBILITY 

It  is  highly  probable  that  attempts  to  suppress  cyclone  development  in 
one  region  would  simply  make  cyclogenesis  more  likely  elsewhere  (not  in  itself 
a  hopeless  conclusion).  In  any  case,  consider  the  problem  of  cyclone  inhibition. 

This  is  often  regarded  (subject  to  objections  we  shall  raise  later)  as  the  same 
problem  as  inhibiting  instability  of  waves  in  a  baroclinic  flow.  Numerous 
theoretical  analyses  of  the  stabilitj'  of  small  perturbations  agree  that  instability 
is  possible  for  waves  of  cyclone  scale,  provided  that  normal  values  of  static 
stability  are  present  along  with  only  rather  modest  values  of  vertical  wind  shear. 
Since  the  former  quantity  depends  upon  the  vertical  gradient  of  temperature  while 
the  latter  depends  on  horizontal  gradient,  the  possibility  exists  that  instability 
might  be  inhibited  “locally”  (e.g.  over  a  60-degree  longitude  span)  by  modifying 
the  temperature  structure  of  the  atmosphere.  Difficulties  arise,  however.  In 
the  case  of  vertical  temperature  gradient,  the  stability  which  is  important  is 
through  a  deep  layer  of  the  middle  troposphere  (where  synoptic  scale  vertical 
motions  are  large).  Yet  the  layer  most  easily  modified  by  fires  or  ice,  for  example, 
is  near  the  ground,  quite  unimportant*  so  far  as  the  large-scale  dynamics  are  , 
concerned.  In  the  case  of  horizontal  temperature  gradient,  the  effect  must  again 
extend  through  reasonably  deep  layers  of  the  troposphere.  But  suppose  we  could 
eliminate  the  temperature  gradient  between,  say,  40°N  and  50°N  by  large-scale 
heating.  Then  the  temperature  gradient  poleward  of  50°N  would  be  enhanced  and 
so,  presumably,  would  cyclonic  activity. 

But  the  argument  based  on  instability  of  baroclinic  waves  throughout  the 
depth  of  the  troposphere  raay  not  be  valid,  aside  from  the  obvious  limitations 
of  perturbation  theory.  In  particular,  intensification  of  a  wave  throughout  the 
bulk  of  the  troposphere  o  ’ten  occurs  without  significant  cyclonic  development  at 
the  ground.  Conversely,  vigorous  surface  cyclogenesis  often  (nay,  almost 
typically)  occurs  when  a  pre-existing  upper  trough  of  finite  amplitude  overtakes 
a  quasi-stationary  baroclinic  zone  at  low  levels.  (Interaction  again!)  Instability 
in  such  a  physical  situation  was  found  in  a  perturbation  study  by  Mihaljan  [16] 

*Unimportant,  if  the  lapse  rate  in  only  the  lower  one  or  two  km  is  changed  for 
just  a  short  period  of  time. 
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and  has  been  repeatedly  shown  by  numerical  calculation  from  observed  initial 
data  at  NMC.  Indeed,  in  synoptic  practice  this  physical  situation  is  one  of  the 
better  understood  circulation  evolutions. 

However,  surface  cyclogenesis  does  not  occur  in  the  forward  quadrant 
of  every  mobile  upper-level  trpugh.  These  favorable  conditions  at  upper  levels 
have  little  geographical  preference.  Yet  surface  cyclogenesis  (e.g.  Petterssen, 
[17]  shows  strong  geographical  preference.  So  by  modifying  the  geography  per¬ 
haps  we  can  modify  the  favored  geographical  regions  for  cyclone  development. 
Petterssen’s  results  show  that  surface  cyclogenesis  is  favored:  1)  in  the  lee  of 
major  mountain  barriers,  and  2)  over  relatively  warm  water  surfaces.  The 
mechanical  type  of  surface  cyclogenesis  can  be  mitigated  by  eliminating  the 
mountain  barriers,  while  the  thermodynamic  type  can  be  inhibited  by  preventing 
the  transfer  of  latent  and  sensible  heat  from  the  water  to  the  atmosphere. 
Interestingly,  some  regions  (e.g.  the  Gulf  Stream  east  of  the  Carolinas)  are 
favored  even  in  the  summer  when  the  adjacent  land  surface  is  at  least  as  warm 
as  the  water.  The  explanation  may  lie  in  the  supply  of  latent  heat  but  perhaps 
also  in  the  relative  smoothness  of  the  water  surface.  We  could  fix  this  by 
ruffling  up  the  water  but  this  would  probably  require  strong  winds,  which  would 
largely  defeat  our  purposes. 

It  would  also  appear  that  the  problem  of  alleviating  the  severe  conditions 
of  strong  winds,  cold  blasts,  and  blizzards  would  be  extremely  difficult,  even 
with  the  expenditure  of  large  quantities  v.  mergy.  Local  modification  of  pre¬ 
cipitation  amounts  by  either  increases  or  decreases  of  10  to  20  percent  may  be 
possible  within  the  next  few  years .  Attempts  at  local  modification  of  cold  waves 
and  blizzards  may  result  in  some  increase  in  low  level  temperatures  with  the 
possible  danger  of  creation  of  tornadic  winds  if  the  heating  is  not  carefully  con¬ 
trolled. 

Obviously,  there  are  reservations  implicit  in  the  above  about  our  ability 
to  produce  non-trivial  effects  on  a  large  scale. 
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APPENDIX  F,  CONVECTIVE  STUKMs  (TKUNuEitSiQRMS)* 

F.1.0  ENERGY  BUDGET  OF  A  CONVECTIVE  STORM 

The  energy  budget  of  a  large  single-cell  convective  cloud  that  develops 
in  a  conditionally  stable  atmosphere  (i.e.,  unstable  for  rising  motions  but 
stable  for  descending  motions)  can  be  described  in  terms  of  sources  and  sinks. 
The  energy  sources  in  the  convective  cloud  are: 

(a)  the  released  heats  of  condensation  and  fusion 

(b)  the  force  of  gravity  acting  on  cold  air  in  the  downdraft  during  the 
precipitating  stage  of  th  :  cloud. 

The  energy  sinks  are: 

(a)  increases  in  internal  and  potential  energy  of  the  environment 

(b)  energy  expended  in  lifting  water  particles 

(c)  work  done  in  separating  electrical  charges  which  discharge  to  ground 

(d)  friction. 

On  the  basis  of  the  data  provided  by  the  Thunderstorm  Project,  Braham 
[1]  computed  the  energy  budget  for  an  average  thunderstorm.  In  his  computa- ' 
tions,  the  thunderstorm  cloud  plus  its  environment,  which  may  be  arbitrarily 
extensive,  are  considered  a  closed  system.  The  energy  budget  pertains  to  both 
the  development  and  mature  stage  of  the  thunderstorm,  which  means  that  the 
downdraft  portion  of  the  storm  is  included.  At  the  end  of  the  mature  stage,  a 
certain  amount  of  air  has  moved  out  of  the  upper  portion  of  the  cloud  and  sub¬ 
sided  upon  the  environment  air,  and,  below  the  level  of  nondivergence,  air  has 
moved  into  the  cloud,  except  near  the  surface,  where  an  outward  flow  is  caused 
by  a  cold  dome  of  sinking  air. 

*By  Pieter  J.  Feteris. 
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F.2.0  SAMPLE  COMPUTATION  OF  THE  INCREASE  IN  INTERNAL  AFP 
POTENTIAL  ENERGY  OF  A  STORM’S  ENVIRONMENT 

The  amount  of  heat  added  to  the  air  by  virtue  of  the  air’s  subsidence  will 
depend  on  the  size  of  the  area  over  which  the  subsidence  takes  place.  Instead 
of  computing  the  heating  on  the  basis  of  some  assumed  ratio  of  the  area  of  the 
cloud  to  the  area  of  the  clear  air,  Braham  developed  the  relationship  as  fol¬ 
lows. 

The  internal  energy  of  a  column  of  air  of  unit  cross  section  between 
pressure  p.  and  p  is 


Ei  H  T  H  PH  CvT 

V  =  J;  pC  dTdz  =  pC  Tdz  =  -  f  p  .  -L~ 
A  J  0  J  0  p  v  J0^v  Jp^  pg 


dp 


C  pn 
—  /  °  Tdp. 

g  JPH 


(F-l) 


A  small  change  in  the  internal  energy  over  an  arbitrary  area  A  can  be  written 

C  p  C 

dE.  =  A  X  —  J  dTdp  =  A  ~~  dT  (Pl  -  pj 

1  g  p2  g  1  2 

c 

=  A  —  ApdT.  (F-2) 

g 

This  expression  relates  the  total  change  in  internal  energy  of  a  layer  Ap  over 
an  area  A  to  the  temperature  change  dT.  p  is  the  density,  is  the  specific 
heat  for  constant  volume,  and  g  is  the  acceleration  of  gravity. 

Assuming  that  the  temperature  rise  dT  during  the  subsidence  has  been 
the  same  for  each  layer,  so  that  the  lapse  rate  remains  unchanged  during  the 
process,  we  can  write 

AT  =  7\  (F-3) 

in  which  V  is  the  volume  of  air  passing  through  Ap,  r  is  the  dry-adiabatic 
lapse  rate,  and  y  is  the  actual  lapse  rate. 

Substituting  Eq.  (F-3)  in  Eq.  (F-2),  we  have 
C 

AE.  =  -J  •  V(r  -  y)Ap,  (F-4) 
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which  enables  us  to  compute  the  change  in  internal  eneigy  for  the  pressure 
interval  Ap. 

The  relation  between  internal  and  potential  energy  can  be  found  as  fol¬ 
lows.  The  potential  energy  of  a  column  of  air  of  unit  cross  section  and  height 
H  is 


Ep  =  Jq  pgzdz  =  -  zdp  -•  ••  PH  H  +  Jq  pdz 

=  -  pHH  =  R/“pTdz. 


(F-5) 


For  the  internal  energy,  we  have  Eq.  (F-2),  which  must  be  multiplied  by 
J  to  express  it  in  mechanical  units: 


I  =  E.  =  J  —  /  °  T  dp. 
1  S  PH 


Then  the  potential  energy  will  be 

E  =  -  p„H  +  (R/JC  )  E.. 
p  H  v  i 

For  a  finite  H,  p„  0,  so  that 
H 

„  C  -  C  E. 

E  =  E  =  _E - V  _i 

p  JC  i  C  J 

*  *  r  tr 


(F-6) 


(F-7) 


and 


AE  = 
P 


C  -  C  AE. 

^  _i  _  o.405  AE. 
C  J  l 


(F-8) 


if  expressed  in  calories.  The  total  increase  in  internal  energy  AE  of  the  layer 
is  then  given  by 

C 


AE  =  AE  +  AE.  =  1.4  —  Ap  V  (T  -  y). 
P  1  g  . 


(F— 9) 


If  the  amount  of  air  passing  through  the  layer  is  given  in  kilograms,  V  =  m/P, 
where  p  is  the  average  density  of  the  layer  Ap,  and 

C 


AE  =  1.4  -*■  Ap(r  -  y)  — . 

g  P 


(F-10) 


This  equation  can  be  used  to  determine  the  work  done  against  the  environment 
by  a  convective  cell. 


1S1 


/ 


By  specifying  Ap,  and  v  =  —  in  Eq.  (F-10),  we  can  estimate  the  effect 
of  slow  vertical  motions  on  the  work  which  the  convective  cell  has  to  perform 

against  the  environment.  Suppose  a  rising  motion  of  1  cm  sec  over  an  area 

5  2  AE 

of  10  km  ,  (r  -  y)  -  0.2°C  per  100  m  and  Ap  =  500  mb.  will  then  be 

approximately  3  X  10"^  cal  sec  \  The  lifetime  of  a  convective  cell  is  of  the 

13 

order  of  an  hour,  which  means  tha,  about  10  calories  will  be  applied  to  the 

5  2 

environment  of  the  convective  cell  over  an  area  of  10  km  by  forces  operative 
on  the  synoptic  scale.  This  amount  of  energy  is  feasible  for  a  convective  storm 
as  will  be  seen  in  Section  F.3.0.  Although  it  is  difficult  to  specify  the  area 
influenced  by  a  single  convective  cell,  experience  in  synoptic  and  meso-scale 
analysis  suggests  that  sJcw  large-scale  vertical  motions  may  alter  profoundly 
the  net  amount  of  work  done  against  the  environment  by  a  single  cell  thunder¬ 
storm. 
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F .3.0  SUMMARY  OF  THE  COMPUTATIONS  OF  THE  ENERGY  BUDGET 

For  an  average  thunderstorm-ceil  height  (10  km)  and  diameter  (6.5  km), 

14 

Braham  [1]  found  AE^  to  be  2.6  X  10  cal.  The  other,  less  important  energy 
sinks  will  be  mentioned  briefly. 

The  magnitude  of  the  energy  involved  in  lightning,  AE  ,  was  found  to  be 

10  11  ^ 
between  10  and  10  '  cal.  Assuming  that  the  total  amount  of  condensed  water 

in  a  storm  is  lifted  to  a  height  of  10  km,  Braham  found  that  the  work  done  by 

the  storm,  Eg,  is  2.3  X  101'"  cal.  These  two  energies  are  a  few  orders  of 

magnitude  smaller  than  AE^. 

Braham  did  not  consider  friction,  but  later  work  on  energy  transforma¬ 
tions  (e.g.,  [2])  suggests  that  ground  friction  dissipates  an  amount,  of  energy  that 
is  at  least  two  orders  of  magnitude  smaller  than  that  produced  by  the  latent  heat 
of  condensation. 

The  latent  heat,  E^,  released  by  condensation  of  1  gm  of  water  vapor 
is 

z  t 

EL  =  A  •  /  /  LvwGdzdt,  (F-ll) 

where  w  is  the  vertical  velocity,  and  G  =  -  9p^/8z,  the  decrease  in  saturation 
vapor  density  with  height.  The  latent  heat,  LF>  released  by  fusion  is  given  by 


wG  dz  dt, 


(F  -12) 


where  a  is  the  fraction  of  condensed  water  which  freezes.  Changing  the  order 
of  integration,  we  may  write  the  equations  as 


el  =  ATv  4*  4* wG  *  “  ALV  4*  4* wGdzdz 


and 


(F-13) 


E 


F 


wGdzdz. 


(F-14) 


Since  part  of  the  condensed  water  evaporates  at  the  boundaries  of  the  cloud 
in  the  anvil  and  in  the  downdraft  portion,  these  expressions  overestimate  the 
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release  of  latent  heat.  Neither  can  the  release  of  latent-  heat  be  estimated  from 

the  amount  of  rainfall  that  reaches  the  surface.  Braham  estimated  the  total 

8 

inflow  of  water  to  be  8.9  X  10  kgm,  the  reevaporation  in  the  downdraft  above 

8 

the  cloud  base  to  be  2.4  X  10  kgm,  and  the  evaporation  in  the  anvil  (outflow) . 

8  8 

plus  the  loss  at  the  edges  to  be  1.2  X  10  kgm,  so  that  a  total  of  5.3  X  10  kgm 

14 

of  water  was  condensed.  The  latent  heat  produced  was  3.2  X  10  cal,  which 
is  of  the  same  order  of  magnitude  as  the  work  done  by  the  storm.  The  small 
difference  between  the  two  numbers  suggests  that  under  some  circumstances 
(dry  atmosphere,  great  losses  by  reevaporation)  energy  must  be  added  to  main¬ 
tain  the  growth  of  a  large  convective  cloud.  In  unstable  moist  atmospheres, 
an  exces  -5  of  energy  may  be  converted  to  kinetic  energy  to  trigger  the  develop¬ 
ment  of  larger,  more  vigorous  storms. 


F.4.0  ENERGY  NEEDED  TO  RELEASE  CONVECTION  IN  A  CONDITIONALLY 
UNSTABLE  ATMOSPHERE 

The  energy  needed  to  trigger  a  convective  cloud  in  a  conditionally  unstable 
cloudless  atmosphere  is  likely  to  be  smaller  than  that  released, by  the  convec¬ 
tive  system  itself.  In  some  cases,  it  may  be  enough  to  lift  by  1  km  (for  instance, 
from  the  surface  to  past  the  lifting-condensation  level)  the  lowest  2  km  of  the 
atmosphere  contained  within  a  1-km  radius. 

Because  the  lapse  rate  of  the  environment  may  be  between  T  and  y  ,  the 
lifted  air  will  be  colder  than  its  environment.  To  raise  it  to  the  temperature  of 
the  environment,  heat  must  be  added,  the  amount  of  which  can  be  calculated  as 
follows.  The  temperature  rise  necessary  to  lift  a  parcel  of  air  to  a  height  z, 
is  given  by 

Z1 

AT  =  /  (T  -  y)dz.  (F-15) 

Z0 

The  work  done  to  raise  this  parcel  against  gravity  to  the  height  z^  is 

zi 

E  =  J  dE  .  (F-16) 

w  ZQ  w  ' 

For  an  infinitely  small  height  interval  dz,  dE  -  (p  -  ff)  gdz,  where  p  -  p"  is 

P  W 

a  function  of  z.  Substituting  p  =  —  yields 

K 1 

P  P 

dE-,v  -  <5^  -  £F'>  gdz-  <F-17> 

Assuming  that  P  =  P  ,  and  since  in  most  cases  T  «  T  within  3%,  one  may 

Xu  Xu 

write 

P  .  1  1  .  ,  P  AT  ,  AT  ,  „  AT  . 

dEw  "  B  -  ^)gdz  =  OT  Tgdz  =  p  Tgdz  ”  pg  T  ^ 

(F-18) 

for  finite  height  intervals.  The  work  done  on  the  parcel  will  be  found  by  sub- 
stituting  Eq.  (F-15)  into  Eq.  (F-18): 

z  z 

AEW  =  pg  Jz*  dzdz  =  ^  pg  (z^  -  z|j),  (F-19) 
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in  which  T  is  the  average  temperature  (°K)  over  the  distance  z .  To  find  the 

total  energy  E,  T  must  be  multiplied  by  the  volume  of  air  that  is  forced  to 

-1  -2  -3 

rise.  For  z  -  z  =  1  km,  y  =  7°C  km  ,  g  =  10  m  sec  ,  p  =  1  kgm  m  , 

■**  ^  ^  _  o  5  n 

and  T  =  300°K,  E  will  be  5  X  10  kgm  m  or  1.15  X  10  cal  m  . 
w  & 

There  are  very  few  reports  of  experimental  work  on  the  production  of  con¬ 
vective  clouds  in  a  conditionally  unstable  atmosphere.  Dessens  [3]  produced  (by 

11  4  2  3 

fire)  9  X  10  cal  over  an  area  of  25  X  10  m  in  30  min;  this  is  4  X  10  cal 

-2  -1 

m  sec  .  He  observed  the  formation  of  a  cumulus  cloud  above  the  fire.  Its 
top  soon  rose  at  a  rate  of  22  m  sec  1.  The  cloud  continued  to  exist  and  rained 
several  hours  after  the  fire  was  burned  out.  Comparing  the  number  of  calories 
per  square  meter  per  second  applied  by  Dessens  with  the  energy  necessary  for 
the  triggering  of  a  single-cell  cloud,  we  find  that  Dessens  produced  about  10 
times  more  heat  than  that  required  to  lift  a  kilometer-high  column  of  air  1  km. 

It  must  be  remembered,  however,  that  to  trigger  the  release  of  heat  by  conden¬ 
sation,  we  must  lift  the  entire  column  of  air,  not  apply  heat  slowly  from  below 
(which  is  then  used  only  to  change  its  temperature  and  not  to  condense  its  water 
vapor).  This  can  be  illustrated  as  follows. 

With  reference  to  Fig.  F-l,  suppose  that  the  temperature  of  the  air 
decreases  with  height  following  the  curve  TQ  =  T^  and  that  the  humidity-mixing 
ratio  diminishes  following  the  line  x^x^.  The  lapse  rate  is  dry-adiabatic  from 

T  to  B  and  conditionally  unstable  between  CCL  and  T.  (vertical  lines  are 
v  b 

saturated  adiabats,  dotted  lines  are  dry  adiabats).  A  gentle  warming  of  the  air 
over  an  area  of  several  kilometers’  diameter  during  a  period  in  which  there  is 
time  for  upward  transfer  of  heat  would  raise  the  temperature  in  the  whole  air 
column,  but  the  lapse  rate  would  remain  dry  adiabatic.  Eventually,  with  a  sur¬ 
face  temperature  T  ,  convection  could  start  at  level  H  (CCL),  but  any  shower 
or  thunderstorm  thus  produced  would  have  a  high  base  and  its  rain  would  almost 

entirely  evaporate  into  the  dry  air  before  it  could  reach  the  surface.  Very  little 

14 

precipitation  would  be  obtained  at  the  expense  of  a  supply  of  the  order  of  10  cal 
(TqTxCCL-Tq)  if,  for  example,  the  air  had  to  be  warmed  by  about  10°C  over  a 
volume  of  about  10  km3.  The  energy  applied  to  lift  an  air  column  of  the  same 
diameter  and  depth  to  would  be  the  pressure-volume  work  done  to 
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subside  its  surroundings  [Eq.  (F-10)],  which  is  of  the  same  order  of  magnitude. 

as  that  corresponding  to  the  area  T^T^CCLT^. 

If  the  energy  is  applied  to  the  column  within  a  short  time,  so  that  upward 

transfer  of  heat  and  mixing  with  the  surroundings  is  kept  to  a  minimum,  a 

region  will  be  created  in  which  the  temperature  lapse  rate  follows  the  line 

T,LCL„CT„ .  Because  condensation  starts  at  LCL  (the  lifting-condensation 
0  0  6  0 

level),  the  lapse  rate  will  now  be  unstable  for  rising  motions  and  the  cloud 
that  develops  will  have  a  low  base  and  may  have  a  greater  chance  to  produce 
precipitation  at  the  surface.  With  the  lapse  rates  given  in  Fig.  F-l,  convec¬ 
tion  can  be  triggered  in  air  that  is  forced  to  rise  over  a  steep  mountain  ridge. 
Artificial  means  for  triggering  convection  would  have  to  be  either  a  large 
explosion  or  a  fire  with  a  high  yield  of  calories  per  unit  of  time. 
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F.5,0  ENERGY  NEEDED  TO  TRIGGER  CONVECTION  IN  A  POTENTIALLY 
UNSTABLE  ATMOSPHERE 

Instead  of  applying  heat  to  air  with  a  vertical  distribution  of  temperature 
and  humidity  as  displayed  in  Fig.  F-l,  a  much  more  harmless  method  would  be 
to  cool  the  layer  between  B  and  C  by  evaporating  water  into  it.  Because  the 
wet-bulb  potential  temperature  decreases  with  height,  saturation  of  the  layer 
would  render  the  lapse  rate  between  B  and  C  unstable  and  would  permit  the 
moist  air  in  the  layer  to  escape  through  a  column  wide  enough  for  the 
formation  of  a  tall  convective  cloud.  The  water  must  be  distributed  in  the  form 
of  tiny  drops  (less  than  0.1  mm  in  diameter)  which  evaporate  qu:ckly  and  which 
exert  little  drag  un  the  air  to  prevent  the  initiation  of  rapid  sinking  motions. 
Because  the  saturated  air  becomes  colder  than  its  environment,  sinking  motions 
are  unavoidable.  Unless  the  whole  column  of  air  is  saturated  quickly  (more 
quickly  than  the  air  can  subside  over  a  height  interval  of,  say,  a  few  hundred 
meters  at  a  rate  of,  say,  1  m  sec  adiabatic  warming  associated  with  the 
descending  motions  may  create  a  new  inversion  and  may  also  cause  drying 
of  the  initially  moist  surface  layer. 

Computations  of  the  amount  of  water  vapor  required  to  saturate  a  2.5-km- 
deep  air  column  in  a  maritime  tropical  air  mass  having  temperature  and  mois¬ 
ture  distributions  as  given  in  Fig.  F-2  showed  that  about  2  gm  of  water  per 

9  3 

cubic  meter  would  have  to  be  distributed  over  a  volume  of  about  8  X  10  m  ; 

3 

the  total  amount  of  water  needed  would  be  about  17  m  .  Although  this  amount 
is  within  reasonable  limits,  its  distribution  into  very  tiny  drops  within  a  few 
minutes  may  be  difficult.  Also,  the  dynamical  interactions  between  the  sprinkled 
area  and  its  environment  require  further  study  before  an  experiment  can  be 
attempted. 
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Pig.  F-l.  Sounding  representing  a  potentially  unstable  atmosphere.  The 
slopes  of  the  isobars,  isotherms,  adiabats,  and  lines  of  constant  mixing  ratio  are 
shown  in  the  upper  right-hand  corner.  Slow  heating  of  the  layer  H  H  results 

lr  ct 

eventually  in  an  increase  of  the  surface  temperature  from  to  and  vigorous 
convection  at  the  level  CCL.  Clouds  forming  i?  such  an  unstable  dry  atmosphere 
produce  very  little  rain.  Rapid  (explosive)  heating  of  the  layer  causes  it  to 
rise  to  become  layer  H^H^.  The  temperature  lapse  rate  is  changed  locally  to 
T'o^C'LgCTg,  which  is  less  unstable,  but  the  air  has  now  become  saturated.  Note 
that  the  lifting-condensation  level  LCLQ  is  much  lower  than  CCL  so  that  any  rain 
falling  from  a  convective  cloud  in  this  atmosphere  will  have  less  chance  to  evapo- 


£  It 
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Fig.  F-2.  TgPSTg  and  x^xg  represent  a  sounding  in  a  potentially  unstable 
maritime -tropical  air  mats.  The  wet-bulb  temperature  decreases  with  height 
according  to  Saturation  of  the  layer  can  change  the  tempera¬ 

ture  lapse  rate  to  T^T^fl^RSTg,  which  just  permits  deep  convection. 
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APPENDIX  G.  HURRICANES* 


G.1.0  INTRODUCTION 

Scientific  endeavor  is  frequently  divided  into  four  phases;  description, 
understanding,  prediction  and  control.  As  related  to  hurricanes  or  typhoons, 
work  is  currently  underway  in  all  four  phases.  Thus,  in  considering  the  possi¬ 
bility  of  improving  prediction  of,  and  effecting  some  measure  of  control  over, 
the  formation  and  behavior  of  hurricanes,  it  is  convenient  to  divide  the  dis¬ 
cussion  into  four  main  sections  with  the  above  mentioned  phases  as  section 
titles. 


*By  Keith  W.  Veigas 
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G.2.0  DESCRIPTION 


Development  of  an  adequate  description  of  the  structure  of  tropical 
cyclones  through  their  life  cycle  has  been  a  rather  difficult  task  since  they 
are  primarily  a  maritime  phenomenon.  The  advent  of  radar  and  aircraft 
weather  reconnaisance  provided  important  new  data  sources  to  augment  con¬ 
ventional  observational  networks  and  as  a  result  we  now  have  a  reasonably 
complete  description  of  the  typical  three  dimensional  structure  of  hurricanes 
through  most  of  their  life  cycle. 

G.2.1  Geographical  Extent 

Hurricanes  form  over  all  tropical  oceans  with  the  exception  of  the 
South  Atlantic  and  Eastern  South  Pacific.  Before  their  life  cycle,  averaging 
about  a  week  in  duration,  is  complete  xnany  migrate  through  the  mid-latitude 
zone. 

G.2.2  Life  Cycle 

Dunn  [1]  and  McDonald  [2]  have  divided  the  life  cycle  into  four  stages: 

(a)  Formative  Stage.  This  begins  when  a  cyclonic  circulation  develops 
in  an  easterly  wave  or  in  the  intertropical  convergence  zone.  At  this  stage 
the  cloud  and  rain  patterns  are  quite  variable  from  storm  to  storm.  Highest 
winds  are  usually  associated  with  squalls,  and  are  frequently  located  as  far 

as  150  km  from  the  developing  center.  The  central  surface  pressure  generally 
drops  to  1000  mb  during  the  formative  stage. 

(b)  Immature  Stage.  Those  disturbances  that  intensify  beyond  the  form¬ 
ative  stage  are  marked  by  a  rapid  drop  in  central  pressure.  Winds  increase 
to  hurricane  force  and  the  area  of  maximum  winds  forms  a  narrow  circular 
band  close  (30-45  km)  to  the  center.  The  rain  squalls  become  organized  into 
narrow  bands  spiraling  inward  and  merge  forming  the  “eye”  wall  clouds. 

During  this  stage  the  cyclonic  circulation  covers  only  a  relatively  small  area 
(radius  100-200  km). 

(c)  Mature  Stage.  This  is  marked  by  an  expansion  of  the  circulation 
with  little  or  no  further  decrease  in  central  pressure  and,  although  the  area 
covered  by  hurricane  and  gale  force  winds  expands,  the  maximum  wind  remains 
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constant  or  decreases  slightly.  The  mature  storm  varies  widely  in  size.  The 
circulation  may  be  confined  to  a  radius  of  200  km  or  less  or  may  expand  to  a 
radius  of  1,000  km. 

(d)  Decaying  Stage.  This  is  marked  by  either  movement  over  land  (where 
it  dissipates)  or  movement  northward  where  the  hurricane  takes  on  the  char¬ 
acteristics  of  an  extratropical  cyclone. 

G.2.3  Surface  Pressure  Distribution 

Central  pressures  of  950  to  960  mb  are  not  uncommon  during  the  life 
cycle  of  a  hurricane.  Central  pressures  below  900  mb  have  been  reported  on 
occasion  [3].  Pressure  gradients  are  a  maximum  near  the  core  with  reliable 
estimates  ranging  as  high  as  3.7  mb  per  mile. 

G.2.4  Surface  Temperatures 

The  temperatures  outside  the  eye  of  a  hurricane  remain  essentially  con¬ 
stant  or  decrease  slightly  toward  the  center  [4].  Since  inflowing  air  experiences 
expansion  and  cooling  this  must  be  counteracted  by  a  transfer  of  heat  from  the 
ocean  surface.  The  rate  of  transfer  of  both  sensible  and  latent  heat  is  increased 
as  the  area  of  maximum  winds  is  approached. 

G.2,5  Low  Level  Wind  Structure 

The  general  features  of  the  wind  distribution  about  a  hurricane  are  rather 
well  known.  The  winds  blowing  counterclockwise  (northern  hemisphere)  about 
the  center  gradually  increase  toward  the  center  in  the  outer  portion  of  the  storm 
and  the  rate  of  increase  steadily  grows  until  the  maximum  wind  is  reached  in 
the  vicinity  of  the  outer  edge  of  the  eye.  The  speed  rap  dly  decreases  from  the 
maximum  to  near  calm  in  the  eye.  The  distribution  of  speed  is  asymmetric 
with  higher  winds  to  the  right  of  the  direction  of  motion.  If  one  subtracts  the 
motion  of  the  storm  center  from  the  wind  observations  the  tangential  component 
of  the  residual  wind  field  is  approximately  symmetrical  about  the  center.  The 
radial  component  of  the  wind  relative  to  the  storm  center  is  almost  everywhere 
directed  inward  with  the  largest  components  in  the  right  front  quadrant.  The 
maximum  inflow  is  within  1  degree  of  latitude  of  the  storm  center. 

Maximum  winds  in  a  hurricane  generally  exceed  45  m  sec  1  and  in  extreme 
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storms  much  higher  maximum  values  are  experienced.  Anemometers  generally 
fail  between  54-70  m  sec  *  but  estimates  from  damage  place  the  maximum  in 
extreme  storms  in  excess  of  90  m  sec  1. 

G.2.6  Eye 

Just  within  the  ring  of  maximum  winds  and  torrential  rains  at  the  storm 
center  is  found  one  of  the  most  striking  phenomena  in  meteorology,  the  “eye”  of 
the  storm.  The  eye  is  approximately  circular  and  relatively  cloud  free.  There 
is  generally  a  scattered-to-broken  layer  of  low  clouds  and  occasionally  some 
high  cirrus  clouds.  The  eye  diameter  of  mature  hurricanes  averages  about 
15  miles  near  the  ocean  surface.  The  wind  abruptly  decreases  from  hurricane 
force  just  at  the  edge  of  the  eye  to  0-7  m  sec  *  within  the  eye.  Marked  sub¬ 
sidence  takes  place  within  the  eye  through  a  layer  extending  from  the  upper 

troposphere  to  within  about  1  km  of  the  ocean  surface.  Simpson  [5]  measured 
o 

a  temperature  of  +16  C  at  500  mb  in  the  eye  of  a  1951  Pacific  typhoon.  Air¬ 
craft  observations  indicate  that  the  diameter  of  this  warm  air  column  increases 
significantly  above  300  mb  giving  rise  to  excessive  surface  pressure  gradients 
just  outside  the  perimeter  of  the  low-level  eye.  A  detailed  description  of  the 
circulation  within  the  eye  has  not  yet  been  established.  However  there  is 
considerable  evidence  of  some  mixing  between  the  subsiding  air  in  the  eye  and 
the  adjacant  convective  zone. 

G.2.7  Clouds  and  Precipitation 

The  principle  cloud-generating  zones  in  a  hurricane  are  narrow  zones  of 
low-level  convergence  originating  on  the  fringe  of  the  storm  and  forming  a 
cyclonic  spiral  pattern.  These  bands  spiral  inward  and  merge  to  form  the  wall 
cloud  about  the  eye  of  the  storm.  The  radial  component  of  the  wind  is  directed 
outward  in  the  upper  levels  giving  rise  to  layers  of  cirrus,  altostratus  and  alto¬ 
cumulus  clouds  throughout  much  of  the  storm  area.  Heaviest  precipitation  is 
concentrated  along  the  convective  bands  and  reaches  a  maximum  in  the  inner 
core  where  the  several  convective  bands  merge. 

Rainfall  amounts  of  50  cm  are  not  uncommon.  Orographic  effects,  size 
of  the  storm  rate  of  movement  of  the  center,  rain  intensity  and  location  of  a 
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station  relative  to  the  hurricane  are  all  factors  in  total  rainfall  accumulated. 

As  much  as  245  cm  have  been  reported  with  the  passage  of  a  single  storm  [1]. 

G.2.8  Upper  Wind  Structure  of  Hurricanes 

The  intensity  and  areal  extent  of  the  cyclonic  circulation  gradually 
diminish  with  height.  In  the  upper  troposphere  cyclonic  flow  is  replaced  by 
anticyclonic  flow  except  within  a  small  area  near  the  center.  The  inflow  in  the 
lowest  layers  also  decreases  with  height.  The  radial  component  is  generally 
very  small  from  700  to  300  mb.  Above  300  mb  there  is  marked  outflow. 

G.2.9  Engery  Considerations 

By  far  the  principal  source  of  energy  in  a  hurricane  is  the  latent  heat  of 

condensation.  Estimates  [6,  7]  place  the  rate  of  release  of  latent  heat  at  about 
19  -1 

.5  -  1.0  X  10  cal  day  .  The  hurricane  functions  as  a  simple  heat  engine 

operating  at  2-3%  efficiency.  The  same  sources  cited  tebove  place  the  rate  of 

17  -1 

generation  of  kinetic  energy  at  about  3  X  10  cal  day  .  The  rate  of 
dissipation  of  kinetic  energy  by  friction  and  internal  eddies  is  of  the  same  order 
of  magnitude  as  the  generation  rate.  An  analysis  of  hurricane  Daisy  by  Riehl 
and  Malkus  [8]  indicates  that  dissipation  by  friction  and  internal  eddies  are 
approximately  equal.  The  ocean  is  an  important  heat  source  in  maintaining  the 
warm  core  thermal  structure  of  the  hurricane.  Temperature  observations  in 
'  lower  1000  ft  of  the  hurricane  indicate  that  the  inflowing  air  in  this  layer 
goes  isothermal  expansion,  implying  that  the  air  gains  sensible  heat  as 
well  as  latent  heat  from  the  underlying  surface.  As  the  air  approaches  the 
storm  center  and  the  area  of  extreme  winds,  the  ocean  is  greatly  agitated  and 
large  quantities  of  spray  accelerate  the  transfer  process. 

Estimates  of  radiation  flux  are  uncertain  [8J.  There  is,  however,  general 
agreement  that  it  is  only  a  small  fraction  of  the  vertical  transport  of  heat  in  a 
hurricane  and  there  must  be  sizable  energy  transfers  of  energy  to  the  environ- 
•  .ent  in  the  upper  troposphere  or  outflow  region.  Mixing  of  the  warm  ascended 
air  with  the  cooler  air  in  the  environment  serves  to  maintain  the  energy-pro¬ 
ducing  thermal  structure. 
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G.2.10  Future  Work  in  the  Descriptive  Phase 

It  has  been  exceedingly  difficult  to  obtain  adequate  observational  surveil¬ 
lance  over  areas  where  there  exists  a  potential  for  hurricane  formation.  Thus, 
our  description  of  the  hurricane  in  the  early  formation  stage  is  at  best  sketchy; 
this  is  also  true  of  “suspicious”  disturbances  that  fail  to  develop  into  hurri¬ 
canes.  The  recent  observational  tool,  the  weather  satellite,  offers  hope  of  at 
least  partially  filling  this  observational  gap. 

At  the  same  time  the  introduction  of  satellite  observations  reemphasises 
a  problem  of  the  descriptive  phase  that  requires  further  attention.  For  both 
research  and  operational  use  it  would  appear  that  many  types  and  in  some 
cases  vast  quantities  of  data  will  soon  be  available  from  which  both  research 
and  operational  units  will  wish  to  cou  truct  the  best  three  dimensional  descrip¬ 
tion  of  the  atmosphere  poss'ble.  The  volume  of  data,  from  satellites,  for 
example,  dictates  machine  methods  should  be  used  and  the  variability  in  reli¬ 
ability  of  the  many  data  sources  indicates  that  techniques  to  assess  the 
optimum  weighting  of  the  various  types  of  observations  in  objective  analysis 
procedures  must  be  developed.  Statistical  methods  such  as  those  described  in 
Miller  [9]  and  Spiegler  et  al.  [10]  could  form  a  suitable  framework  for  the 
development  of  new  analysis  procedures. 

Detailed  case  studies  utilizing  special  observations  from  research  air¬ 
craft  are  essential  to  complete  our  description  of  the  nhenomena  and  to  provide 
insight  to  aid  in  developing  theoretical  models  widen  closely  resemble  the  real 
world. 
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G.3.0  UNDERSTANDING 


While  our  understanding  of  the  formation  and  subsequent  behavior  of  hur¬ 
ricanes  is  far  from  complete,  recent  theoretical  and  observational  studies  have 
pointed  up  the  relative  importance  of  the  physical  processes.  There  is  little 
doubt  for  example,  that  the  mature  storm  is  maintained  largely  by  the  release 
of  the  latent  heat  of  condensation.  Inward  flowing  air  in  the  lowest  layers  of 
the  atmosphere  acquires  by  turbulent  exchange  both  sensible  heat  and  water 
vapor.  Ascent  of  this  air  is  concentrated  in  spiral  convection  bands  and 
increases  to  a  maximum  near  the  hurricane  center  where  the  bands  merge  to 
form  the  eye  wall.  The  observed  temperature  distributions  indicate  a  minimum 
of  entrainment  of  mid-tropospheric  air  of  low  heat  content  in  the  primary  con¬ 
vection  zones.  This  couplea  with  outflow  and  cooling  by  lateral  mixing  of  the 
relatively  warm  ascended  air  in  the  high  troposphere  maintains  an  energy  pro¬ 
ducing  circulation;  that  is,  the  ascending  air  is  warmer  than  the  air  in  the 
periphery  of  the  storm. 

The  initial  establishment  of  the  above  warm  core  circulation  is  not 
clearly  understood.  Theoretical  studies,  such  as  that  of  Kuo  [11],  indicate  that 
in  a  conditionally  unstable  atmosphere  the  preferred  scale  of  the  disturbance 
resulting  from  small  random  perturbations  is  that  of  a  cumulus  cloud.  Even  if 
^-existing  disturbances  in  the  tropical  circulation  bring  about  some  degree 
•  n-randomness  to  the  organization  of  individual  convective  cells,  mid- 
tropospheric  entrainment  inhibits  the  formation  of  a  warmer -than-normal 
atmosphere  over  a  limited  area.  It  has  been  pointed  out  by  Riehl  [12]  that  many 
pre-hurricane  tropical  disturbances  in  fact  exhibit  a  cold  core  thermal  structure. 
Thtij. .  is  evidence  that  several  processes  may  be  active  in  generating  the  initial 
warm  core  structure  of  the  hurricane  in  the  formative  stages.  If  a  cirrus  layer 
develops  in  the  high  troposphere  over  a  tropical  disturbance  there  is  a  decrease 
the  outward  flux  of  long  wave  radiation  compared  to  adjacent  cirrus -free 
tas.  It  is  expected  that  satellite  radiation  measurements  in  the  vicinity  of 
tropical  disturbances  mil  yield  quantitative  measures  of  the  importance  of  this 
process.  Cooling  by  advection  in  the  outer  reaches  of  the  storm  is  a  factor  of 
importance  in  at  least  some  cases  of  hurricane  development  [13]. 
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G.4.0  PREDICTION 


G.4.1  Present  Status 

That  skill  in  prediction  hinges  on  advances  of  the  two  previous  phases  of 
research  is  clearly  illustrated  in  the  case  of  hurricanes.  About  the  best  we  can 
do  today  in  the  problem  of  predicting  the  formation  of  a  hurricane  is  to  delin¬ 
eate  large  areas  where  it  can  be  said  with  a  good  deal  of  certainty  that  there 
will  be  no  formation.  However,  there  remains  rather  large  suspicious  areas 
where  hurricane  formation  is  still  a  rare  event.  It  is  no  coincidence  that  our 
description  and  understanding  of  hurricane  formation  is  inadequate. 

This  is  not  to  say  that  prediction  of  the  behavior  of  the  hurricane  once  it 
has  formed  is  flawless.  There  has,  however,  been  some  progress  in  this  area. 
Prediction  techniques  have  evolved  from  two  general  approaches.  One  approach 
has  been  the  application  of  numerical  weather  prediction  techniques  [14,  15].  A 
second  approach  has  been  the  application  of  statistical  techniques  to  relate 
initial  and  near  past  measures  of  the  circulation  patterns  to  subsequent  motion 
and  change  in  intensity  of  hurricanes.  Examples  of  application  of  this  approach 
are  contained  in  [16,  17,  18].  An  operational  test  of  several  of  these  techniques 
for  24-  and  36-hr  displacements  is  reported  by  Tracy  [19].  The  tests  results 
indicated  the  statistical  methods  yielded  smaller  errors  than  the  NWP 
technique  tested. 

G.4.2  Future  Work 

Success  in  the  development  of  techniques  for  the  prediction  of  hurricane 
formation  will  hinge  on  progress  in  the  descriptive  and  understanding  phases. 
However,  even  with  adequate  description  and  understanding  of  the  phenomena  the 
problem  of  application  would  likely  be  seriously  hampered  by  inadequacies  of 
the  present  day  or  near  future  observational  capabilities.  For  this  reason  it 
seems  appropriate,  in  addition  to  an  approach  employing  a  dynamic  prediction 
model,  to  initiate  a  parallel  effort  to  develop  a  statistical-physical  model.  It 
is  conceival  le  that  conditions  crucial  in  the  determination  of  whether  or  not  a 
disturbance  will  develop  into  a  hurricane  may  not  be  explicitly  depicted  by  the 
available  observations.  The  suggested  alternate  approach  allows  the  freedom  of 
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inferring  such  crucial  conditions  from  data  which  is  available  in  our  present 
observations.  An  additional  advantage  of  such  an  approach  is  the  fact  that  a 
quantitative  measure  of  the  uncertainty  associated  with  a  given  prediction  may 
be  derived.  An  example  of  some  preliminary  work  employing  such  an  approach 
is  reported  by  Riehl  et  al.  [20]. 

The  improvements  in  predicting  the  behavior  of  hurricanes  that  can  be 
brought  about  by  increasing  the  observational  coverage  and  by  developing  tech¬ 
niques  to  more  accurately  sythesize  data  from  a  variety  of  sources  cannot  be 
overemphasized.  The  verification  results  of  Tracy  [19]  (where  forecast  errors 
in  data-dense  areas  are  compared  with  forecast  errors  in  data-sparse  areas) 
clearly  illustrate  this  point. 

There  is  clear  evidence  in  other  prediction  problems  that  information 
contained  in  numerical  and  statistical  prediction  models  is  not  redundant.  For 
example,  Klein  [21]  has  demonstrated  that  in  the  prediction  of  surface  pressure 
the  addition  of  dynamic  prognosis  to  a  statistical  prediction  model  resulted  in  a 
significant  increase  in  skill.  A  scrutiny  of  prediction  errors  associated  with  a 
statistical  prediction  model  and  mid-tropospheric  dynamical  predictions  over  the 
past  several  years  leads  the  author  to  the  judgement  that  such  an  approach  to  the 
hurricane  prediction  problem  would  be  fruitful. 
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CONTROL 


Research  in  the  descriptive,  understanding  and  prediction  phases  has 
reached  a  point  where  some  speculations  can  be  made  concerning  the  possi¬ 
bility  of  controlling  the  development  or  behavior  of  hurricanes.  The  specu¬ 
lative  nature  of  the  statements  should  be  emphasized.  Until  our  knowledge 
has  progressed  to  the  point  where  we  can  accurately  simulate  the  atmos¬ 
phere’s  behavior  with  a  prediction  model,  the  problem  of  designing  definitive 
control  experiments  is  formidable  if  not  impossible.  The  rate  of  kinetic 
energy  generation  of  a  hurricane  is  two  orders  of  magnitude  greater  than  the 
rate  of  generation  of  electric  power  in  the  United  States.  Thus  it  seems  reason¬ 
able  to  look  for  means  other  than  direct  energy  confrontation  as  possible 
methods  of  control. 

The  condensation-precipitation  process  is  of  major  importance  in 
hurricanes,  and  Schaefer  and  Langmuir  [22]  have  demonstrated  that  man  can 
effect  changes  in  this  process.  LaSeur  [23],  in  analysing  observations  compiled 
on  research  flights  of  the  National  Hurricane  Research  Project  of  the  CJ.  S. 
Weather  Bureau,  points  out  several  clues  that  indicate  that  the  organization  of 
convection  in  tropical  disturbances  may  play  in  important  role  in  their  inten¬ 
sification.  If  these  ideas  are  substantiated  as  we  increase  our  ability  to  dis¬ 
criminate  between  those  disturbances  that  subsequently  develop  into  hurricanes 
and  those  that  ao  not,  it  is  possible  that  the  natural  organization  of  convective 
bands  could  be  altered  by  selective  seeding. 

The  fact  that  hurricane  formation  in  a  pre-existing  disturbance  is  such 
a  rare  event  implies  that  it  takes  a  finely  balanced  sequence  of  events  to  bring 
about  the  generation  of  a  hurricane.  Altering  any  process  such  that  it  inhibits 
the  formation  of  a  warm  core  disturbance  may  prevent  the  evolution  of  a  hurri¬ 
cane.  A  reduction  of  the  rate  of  transfer  of  sensible  and  latent  heat  from  ocean 
to  atmosphere  near  the  developing  storm  center  v  oUld  slow  down  the  generation 
of  a  warm  core.  Likewise,  development  of  high  tropospheric  cirrus  on  the 
periphery  of  the  storm  (say  by  aircraft  condensation  trails)  would  reduce  the 
outward  flux  of  long  wave  radiation  and  lower  the  temperature  contrast  between 
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the  storm  center  and  the  outlying  regions. 

An  analysis  of  cloud  and  radar  photographs  of  hurricane  Daisy  of  1958  by 
Malkus  [24]  revealed  that  intense  convection  covered  only  6%  of  the  area  within 
80  km  of  the  wall  cloud  of  the  eye.  Thus,  artificial  modification  of  the  important 
convective  bands  may  require  focusing  attention  on  only  a  small  portion  of  the 
total  storm  area.  Since  great  emphasis  has  been  placed  on  the  role  of  intense 
“hot  tower”  convection  in  maintaining  the  thermal  suacture  necessary  for 
kinetic  energy  generation,  it  seems  possible  that  modification  of  the  spatial  dis¬ 
tribution  ot  intense  convective  areas  might  well  modify  the  structure  of  the 
hurricane. 

In  summary,  control  of  hurricanes  may  well  be  within  our  grasp  in  the 
future.  Today  the  main  task  at  hand  is  to  advance  description,  understanding  and 
prediction  of  the  phenomena  to  the  point  where  meaningful  control  experiments 
may  be  intelligently  designed. 
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appendix  h.  precipitation  modification 


A.  Mi^rophysical  Parameters* 

H.1.0  INTRODUCTION 

Considerations  of  problems  of  weather  modification,  of  the  hydrologic  cycle, 
and  of  the  interpretation  of  cloud  and  precipitation  observations  by  radar,  artificial 
satellite,  and  other  means  should  be  assisted  by  knowledge  of  relations  between 
water-substance  distributions  and  wind  fields.  This  study  develops  the  implications 
of  continuity  in  specified  wind  fields,  and  extends  earlier  kinematic  models  (e.g., 
[1,2]  to  incorporate  simplified  microphysical  processes  and  the  development  with 
time  of  vapor,  cloud,  and  precipitation  phases.  From  the  calculated  roles  of  micro¬ 
physical  processes  in  a  model  wind  system,  speculations  are  offered  regarding 
effects  of  artificial  modification  of  the  microphysical  parameters  in  the  real  world. 
The  dynamical  interactions  between  microphysical  parameters  and  developing  dis¬ 
tributions  of  water  substance,  and  the  shape  and  intensity  of  the  associated  wind 
field,  are  not  considered  in  this  paper. 

*By  Pieter  J.  Feteris 
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H.2.0  CONTINUITY  EQUATIONS 

The  continuity  equations  treated  here  are 


9M  _  _  9M 
9t  U  9x 


9M  9M  9  „  9  In  p 

v  -  -  \v  —  -  —  MV  +  Mw  — — 

9y  9z  dz  9z 


+  cloud  conversion  +  cloud  collection  -  evaporation  of 
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-  cloud  conversion  -  cloud  collection  +  evaporation  of 


precipitation. 


Implicit  in  these  is  the  following  equation  of  continuity  for  air: 

9u  9v  9w  9  In  p 
—  +  —  +  —  +  w  — — ^  -  0. 

9x  9y  9z  9z 


(H-2) 


(H-3) 


The  derivation  of  Eqs.  (H-l)  and  (H-2)  is  detailed  by  Kessler  et  al. 

[3,  (7048-65)].  In  Eq.  (H-l),  M  is  the  density  of  precipitation  and  refers  to  con¬ 
densate  that  has  an  appreciable  fall  speed  relative  to  the  air.  V,  a  negative 
quantity,  can  be  the  terminal  fall  velocity  of  the  precipitation  particle  whose 
diameter  divides  an  assumed  inverse  exponential  size  distribution  [4]  into  por¬ 
tions  of  equal  water  content.  The  terms  in  the  density  p  of  the  air  account  for 
the  compressibility  oi  the  atmosphere. 

In  Eq.  (H-2),  m  is  the  cloud  density  plus  the  vapor  density  minus  the  satur¬ 
ation  vapor  density.  Whenm  is  positive,  it  represents  the  density  of  cloud,  i.e., 
condensate  with  zero  terminal  fall  speed.  When  m  is  negative,  it  represents  the 
saturation  deficit.  G,  a  function  of  height,  defines  the  rate  of  cloud  creation  in 

saturated  updrafts;  G  =  -p  (dQ  /dz),  where  Q  is  the  saturation  mixing  ratio  of 

s  s 

water  vapor  in  air. 

The  remaining  terms  in  Eqs.  (H-l)  and  (H-2),  when  written  in  mathematical 
form,  define  rates  of  spontaneous  conversion  of  cloud  to  precipitation,  the  collec¬ 
tion  of  cloud  particles  by  precipitation,  and  the  evaporation  of  precipitation. 
Because  the  model  requires  immediate  evaporation  of  cloud  in  subsaturated  air, 
evaporation  of  precipitation  does  not  occur  at  the  same  time  and  place  as  cloud 
conversion  and  accretion,  or  any  place  where  cloud  exists. 
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H.3.0  MICROPHYSICAL  PARAMETERS 


In  the  present  study,  complicated  processes  that  convert  cloud  to  pre¬ 
cipitation  are  represented  by  the  simple  expressions 

"  -3  -1 

cloud  conversion  =  K  (m  -  a)  gm  m  sec  (m  >  a) 

and  1  (H-4) 

cloud  conversion  =  0  (m  <  a). 

The  use  of  such  a  simplification  is  not  clearly  supported  or  refuted  by  the  litera¬ 
ture,  but  seems  reasonable  in  a  first  experiment  and  obviates  the  need  for  a 
greater  number  of  basic  equation  s.  Further  discussion  is  given  by  Kessler  et  al. 
[3,  (7048-65)]. 

The  cloud-collection  term,  is  derived  as  follows.  Note  that  the  rate  at 

which  volume  is  swept  out  by  one  drop  of  diameter  D.  falling  at  a  speed  V.  is 
2  11 
-ffDi  V./4  (where  V  <  0)  and  that  the  rate  of  accumulation  of  cloud  water  by  a 

single  precipitation  particle  of  mass  M  is 

2 

6M.  ffD. 

__i  =  _  __i.  E_v_m  (m  >  0)(  (H-5) 

where  E.  is  the  efficiency  of  catch. 

The  rate  of  growth  of  the  liquid-water  content  in  an  entire  distribution  of 
precipitation  particles  is  given  by  multiplying  Eq.  (H-4)  by  the  number  of 
particles  n  and  integrating  over  all  particle  diameters,  i.e., 


dM  r°°  6M 

it  “Ai  irndD- 


(H-6) 


A  formal  integration  is  accomplished  by  substituting  for  V.  in  Eq.  (H-5)  ac'-ord- 

0  5-1  1 

ing  to  the  relation  V  =  -130  D  m  sec  ,  based  on  Spilhaus  [5],  and  for  n 
AD  -4 

according  to  n  =  nQe  m  [6],  Then  with  E  independent  of  D, 


dM 

dt 

dM 

dt 


130  ...  c00  ,-.5/2  -AD_ 

—  jrr,n0mJ0  D  e  dD; 


130  T(3.5) 

—  ,Enom 

A. 


(H-7) 

(H-8) 


0  25  -0.25  -I 

It  can  be  shown  that  A  =  42  n  ’  M  m  .  Equation  (H-9)  defines  the  rate 
of  collection  of  cloud  by  precipitation  and  is  obtained  by  substituting  for  A  in  Eq.  (H-8): 
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V 


dM  ......  .  A/.  ^  ,  -4  _  0.125  0.875  -3  -1 

—  (collection)  =  6.96  X  10  En^  mM  gm  m  sec 

(m  >  0).  (H-9) 

An  approximate  modeling  of  the  tabulated  evaporation  functions  of  Kinzer 

and  Gunn  [6]  leads  to  the  following  equation  for  the  evaporation  rate. 

dM  , ,  .  ,  0.35  0.65  -3  -1 

■— j-  (evaporation)  =  1.35  X  10  nQ  mM  gm  m  sec 

(m  <  0),  (H-10) 

and  the  fall  speed  V  of  the  median  volume  diameter  precipitation  particle  in  the 
assumed  size  distribution  is 


„  oq  c  "0.125  ,,0.125  -1 

V  =  -  38.6  n^  M  m  sec  . 


(H-ll) 
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II. 4 . 0  ROLE  OF  MICROPHYSICAL  PARAMETERS  IN  CLOUD  AND  PRECIPITA¬ 

TION  DEVELOPMENT 

Exact  solutions  of  a  model  of  the  onset  of  precipitation  have  been  presented 
elsewhere  J3, 7];  these  show  that  the  existence  of  alternative  processes  for  pre¬ 
cipitation  production,  e.g.,  cloud  conversion  and  accretion,  implies  that  precipi¬ 
tation  onset  is  principally  sensitive  to  the  stronger  of  the  precipitation-forming 
processes.  In  other  words,  if  coalescence  and  aggregation  processes  among  many 
tiny  cloud  drops  are  relatively  rapid,  the  efficiency  with  which  raindrops  collect 
cloud  is  of  little  consequence  to  the  rate  of  depletion  of  cloud;  and  if  the  collec¬ 
tion  of  cloud  by  raindrops  is  relatively  rapid,  then  the  magnitude  of  the  rate  of 
cloud  conversion  is  not  critical,  so  long  as  it  is  more  than  zero. 

The  role  of  microphysical  parameters  has  been  further  examined  by 
numerically  integrating  fcr  a  fixed  updraft  profile  in  an  initially  saturated  atmos¬ 
phere,  the  equations  obtained  by  omitting  the  horizontal  advection  and  compres¬ 
sibility  terms  in  Eqs.  (H-l)  and  (H-2).  This  model  best  applies  to  a  shower  core 
or  to  widespread  precipitation  in  which  the  horizontal  advection  is  small.  The 
results  are  summarized  here  and  illustrated  by  Figs.  H-i  and  H-2;  a  more 
comprehensive  treatment  is  available  elsewhere  [7].  These  illustrations  are 
based  on  the  following  parameter  values,  except  for  one  parameter  that  varies 
over  the  set  of  curves  in  each  figure. 

Parameters  Used  in  Finite-difference  Computations 

Updraft  speed  w  =  v*wmax/H)  (z  ~  z  /H)  m  sec 

Maximum  updraft  speed  w  =  0.5  m  sec  ^ 

max 

-3  -7  -4 

Tropical  generating  function  G  =  (3  X  10  -  3  X  10  z)  gm  m 

Height  of  updraft  column  H  =  6000  m 

-3 

Precipitation-onset  parameter  a  =  0.5  gm  m 

-3  -1 

Cloud-conversion  rate  =  10  sec 

7  -4 

Precipitation-size-distribution  parameter  n^  -  10*  m 

Collection  efficiency  E  =  1 
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Fig.  H-l(a).  Precipitation  rate  vs  time 
at  the  ground  for  three  magnitudes  of  the 
conversion  parameter  k^. 
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Fig.  H-l(b).  Precipitate  at  the  ground  Fig.  H-l(c).  Development  of  precipi- 
for  extrema  of  the  collection  efficiency  E.  tation  for  three  values  of  nQ.  When  nQ  = 
When  E  -  cloud  conversion  acting  alone  1(|10  most  o£  the  precipltatton 
changes  cloud  to  precipitation.  content  iR  contaiped  in  arizzle-size  and 

smaller  drops. 
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Fig.  H-2(a).  Steady  cloud  and  precip¬ 
itation-content  profiles  for  three  values  of 
the  conversion  parameter. 


Fig.  H-2(b).  Steady-state  profiles  of 
cloud  and  precipitation  content  for  extrema 
of  the  collection  efficiency. 


Fig,  H-2(c).  Steady-state  profiles  of 
cloud  and  precipitation  content  for  three 

7 

magnitudes  of  nQ.  nQ  -  10  is  typical  of 
natural  rains. 
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The  figures  illustrate  that  with  fixed  updrafts.  alteration  of  n  microphysical 
process  or  parameter  produces  a  water-distribu.non  change  that  tends  to  offset  the 
effects  of  the  microphysical  change  on  the  surface  precipitation  rate.  For  example, 
in  Figs.  H-l(b)  and  H-2(b),  large  cloud  collection  is  more  prominently  associated 
with  decreased  cloud  than  with  increased  precipitation. 

In  all  cases,  the  illustrated  updrafts  are  smaller  than  precipitation  fall 
speeds,  and  steady-state  conditions  are  eventually  attained.  These  steady  states 
are  independent  of  the  initial  moisture  stratification,*  weakly  dependent  on  the 
microphysical  parameters,  and  strongly  dependent  on  the  updrafts. 

Where  cloud  conversion  and  accretion  transfer  water  from  cloud  to  the 
precipitation  phase  in  a  sho^t  time  compared  with  the  time  taken  for  an  air 
parcel  to  rise  from  low  to  high  levels  in  an  updraft,  column,  the  steady  surface 
precipitation  rate  beneath  the  updraft  column  is  approximately  the  same  as  the 
condensation  rate  integrated  through  the  depth  of  the  column.  This  approximate 
equality  characterizes  all  the  cases  illustrated  here.  However,  the  precipitation 
is  concentrated  at  the  updraft  center  (at  the  expense  of  that  away  from  the  center; 
see  Kessler  et  al.  [1,  3j  for  details)  as  the  average  fall  speed  of  the  precipitation 
particles  decreases,  i.e.,  as  nQ  increases. 

On  the  other  hand,  when  the  time  required  for  transfer  from  cloud  to 
precipitation  is  long  compared  with  the  time  of  ascent  of  air  parcels,  the  pre  - 
cipitation  rate  beneath  the  updraft  column  is  small  compared  ,vith  the  integrated 
condensation  rate;  much  of  the  condensate  in  such  cases  is  spread  laterally  at 
high  levels  by  the  horizontal  divergence  that  necessarily  accompanies  all  updrafts. 
The  cloud  so  spread  aloft  may  tall  as  precipitation  at  places  removed  from  the 
updraft  center  or  may  evaporate  in  downdrafts ,  depending  on  the  shape  of  the 
3-dimensional  wind  field.  For  the  r.d  -m  sec  1  maximum  updraft  of  the  illus¬ 
trated  examples,  steady  precipitation  rates  considerably  less  than  condensation 
rates  occur  only  when  cloud-conversion  rates  and  collection  efficiencies  are 
simultaneously  small, 

♦Except  when  the  air  is  initially  so  dry  that  ascent  of  air  does  not  produce 
precipitation. 
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H.5.0 _ IMPLICATIONS  FOR  WEATHER  MODIFICATION 

Consider  some  changes  of  water-substance  distributions  implied  by 
changes  ot  the  microphysical  parameters.  When  the  cloud-conversion  rate 
and  collection  rate  are  smaller,  the  onset  of  precipitation  from  transient  showers 
is  delayed;  in  an  advective  situation,  such  delay  would  be  associated  with  a  down¬ 
wind  displacement  of  precipitation  at  the  ground.  Figure  H-2  shows  how  reduced 
cloud-conversion  and  collection  rates  are  probably  associated  with  larger  amounts 
of  cloud  aloft;  in  an  orographically  influenced  situation,  some  of  the  increased 
cloud  might  be  carried  over  mountains  to  contribute  to  precipitation  on  the 
ordinarily  dry  lee  side,  with  loss  of  relatively  unneeded  precipitation  at  wind¬ 
ward.  If  raindrops  could  be  made  smaller  than  natural  size,  they  would  fall 
more  slowly,  and  the  probability  of  significant  precipitation  downwind  and  over 
a  ridge  would  rise.  Cloud  amounts  associated  with  more  numerous  smaller 
drops  woulu  probably  decrease,  however,  as  suggested  by  Fig.  H-2(c). 

If  cloud-conversion  and  accretion  rates  were  made  smaller  in  a  particular 
case,  rainfall  would  decrease  and  the  amount  of  cloud  evaporating  in  the  descend¬ 
ing  branches  of  the  circulation  would  increase.  Moisture  not  precipitated  would 
be  retained  in  the  atmosphere  and  possibly  contribute  to  future  precipitation 
from  ti.e  air  mass.  Squires  and  Twomey,  in  their  study  of  differences  between 
continental  and  maritime  cumuli  [8],  have  cited  the  absence  of  giant  salt  nuclei 
in  the  continental  air  and  the  presence  there  of  many  small  nuclei  and  cloud  drops, 
as  explanations  for  a  noticeable  inefficiency  of  the  continental  clouds  with  respect 
to  the  release  of  warm  rain. 

If  ctor  Z  -conversion  and  accretion  rates  were  made  larger  in  a  particular 
case,  rainfall  would  start  sooner  and  its  steady  rate  would  increase,  provided 
that  the  rainfall  race  is  not  already  as  great  as  the  rate  of  condensation.  Although 
the  examples  illustrated  by  Figs.  H-l  and  H-2  are  characterized  by  a  near 
balance  between  steady  precipitation  and  condensation  rates,  the  equations  are 
equally  appropriate  for  analyses  of  important  cases  where  such  a  balance  does 
not  prevail. 

Attempts  to  modify  the  distribution  of  tropical  precipitation  might  start 
by  selecting  a  region  where  the  precipitation  regime  is  nearly  steady  and  air 
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trajectories  are  known  or  measureabie.  Such  places  exist  at  times  in  the 
Hawaiian  Islands,  and  probably  around  the  central  plateau  of  Mexico  and  else¬ 
where.  Analyses  of  the  weather  situations,  including  measurements  of  cloud- 
water  contents  and  of  the  distributions  of  surface  rainfall,  should  indicate 
approximate  values  of  microphysical  parameters  and  updrafts  which  could  be 
incorporated  into  a  quantitative  analysis  to  show  whether  appreciable  benefits 
would  accrue  from  their  artificial  modification.  Cloud  conversion  might  be 
assisted  by  introduction  of  relatively  small  numbers  of  giant  salt  nuclei  and 
water  drops.  Conversion  might  be  decreased  by  introducing  very  large  numbers 
of  very  small  nuclei;  WeiCKmann  has  presented  a  preliminary  quantitative  analysis 
of  this  idea  and  a  discussion  of  related  field  experiments  [9].  Raindrops  might  be 
made  smaller  by  introducing  a  surface-active  agent  to  reduce  the  drops’  surface 
tension  and  promote  breakup.  Where  important,  a  freezing  process  might  be 
suppressed  by  introduction  of  organic  substances  that  become  absorbed  on  the 
surfaces  of  freezing  nuclei  with  a  lowering  of  their  activation  temperature  [10]. 

In  we^ther-modiiication  studies,  the  kinematic  theory  discussed  here  should 
be  a  useful  tool.  More  valuable  results  are  expected  from  analyses  of  water  bud¬ 
gets  in  2-dimensionai  rectilinear  and  radially  symmetric  model  wind  fields  [lj, 
and  from  a  model  which  combines  thermohydrodynamic  equations  with  continuity 
equations  for  water  substance. 
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The  cloudiness  of  the  earth’s  atmosphere  depends  largely  on  the  colloidal 
stability  of  clouds.  When  cloud  conversion  and  accretion  are  small,  little  precipi¬ 
tation  is  formed  and  deposited  at  the  ground,  and  a  great  portion  of  condensate 
evaporates  at  high  levels,  either  in  relatively  dry  air  diffusively  entrained  or  in 
the  downdrafts  that  accompany  updrafts.  If  these  microphysical  parameters  were 
reduced  on  s,  global  scale,  a  new  state  of  statistical  equilibrium  migut  be  attained 
by  the  atmosphere  where  a  greater  plenty  of  clouds  would  tend,  to  offset  their 
reduced  effectiveness  as  precipitation  producers.  Significantly  increased  cloudi¬ 
ness  would  be  associated  with  a  significant  increase  of  the  albedo,  with  accom¬ 
panying  changes  that  cannot  be  rationally  treated  without  reference  to  a  consistent 
theory  or  model.  U  does  not  seem  amiss,  however,  to  speculate  that  the  new 
equilibrium  would  be  associated  with  a  lower  average  temperature  at  the  earth’s 
surface.  If  changes  of  the  mic"ophysical  parameters  were  confired  to  either  of 
the  warm  (coalescence)  or  cold  (ice-crystal)  regimes,  or  if  changes  were  sub¬ 
stantially  different  for  these  two  regimes,  the  shape  of  the  mean  latitudinal  profile 
of  temperature  might  be  altered,  with  further  consequences  for  the  shape  and 
intensity  of  the  general  circulation.  Might  variations  of  the  microphysical 
processes  be  a  key  to  appreciable  alterations  of  the  atmosphere’s  cloudiness 
and  world  climates  in  prehistoric  and  historic  time? 
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B.  Literature  Review* 


H.8.0  INTRODUCTION 

Increasing  understanding  of  the  microphysical  processes  governing  the 
conversion  of  cloud  to  precipitation  during  the  past  20  years  has  suggested 
numerous  techniques  for  modifying  precipitation.  Although  many  precipitation 
modification  experiments  have  been  tried  and  many  millions  of  dollars  sport 
(primarily  in  commercial  cloud  seeding  with  Agl),  very  few  proven  techniques 
have  been  developed.  This  is  partially  the  fault  of  poorly-designed  experiments 
and  commercial  companies  out  to  make  rain,  rather  than  to  prove  whether  it  is 
economically  and  physically  feasible.  The  primary  difficulty  lies  in  the  need  for 
a  more  complete  understanding  of  the  precipitation  mechanisms  operating  on  all 
scales.  There  has  been  a  reluctance  (very  rightly  so)  among  meteorologists  to 
attempt  weather  modification  experiments  in  the  atmosphere  without  a  complete 
understanding  of  the  effect  they  will  produce. 


*By  James  W.  Wilson 


H.9.0  PRECIPITATION  STIMULATION 
H.9.1  Chemical  Seeding 

H.9.1.1  Salt  and  Water 

The  growth  of  water  droplets  in  warm  clouds  is  very  dependent  on  the  drop- 
size  distribution.  Raindrops  develop  through  the  presence  of  a  small  number  of 
large  droplets  growing  at  the  expense  of  the  small  droplets.  Langmuir  [1]  sug¬ 
gested  that  the  growth  of  precipitation  in  warm  clouds  could  then  be  influenced  by 
seeding  clouds  with  water  droplets  or  large  hygroscopic  nuclei.  Davies  [2]  seeded 
clouds  in  East  Africa  with  finely-ground  salt.  A  large  portion  of  the  treated 
clouds  rained  7-35  min  after  seeding.  A  carefully  controlled  randomized  program, 
conducted  by  the  University  of  Chicago  (Eraham,  Battan,  Byers,  [3]),  showed  that 
a  water  spray  initiated  precipitation  in  tropical  cumuli.  The  results  of  this 
experiment  were  significant  at  the  2%  level.  Although  experimental  and  theo¬ 
retical  work  indicates  precipitation  can  be  stimulated  by  seeding  cumulus  with 
water  or  large  hygroscopic  nuclei,  it  is  not  possible  at  present  to  estimate  what 
rainfall  increase  might  be  expected. 

H.9.1. 2  Solid  C02  and  Agl 

In  subfreezing  clouds,  another  means  of  precipitation  growth  is  available. 

Ice  crystals  surrounded  by  supercooled  water  droplets  grow  very  rapidly  to  a 
size  sufficient  to  fall  to  the  ground.  However,  since  natural-occurring  nuclei 
vary  widely  in  concentration  and  effectiveness ,  another  means  of  precipitation 
stimulation  is  suggested;  i.e.,  artificial  production  of  ice  crystals. 

Schaefer  [4]  observed  that  ice  crystals  could  be  produced  in  supercooled 
clouds  by  seeding  them  with  dry  ice.  Vonnegut  [5]  showed  that  silver  iodide 
crystals  are  effective  in  producing  ice  crystals  in  water  clouds  with  temperatures 
below  -5°C.  These  two  discoveries,  which  have  been  substantiated  by  extensive 
field  experiments  by  aufm  Kampe,  Kelly,  and  Weickmann  [6],  have  provided  the 
impetus  for  rain-making  experiments  conducted  the  world  over. 

Although  it  has  been  convincingly  demonstrated  that  individual  clouds  seeded 
with  dry  ice  or  Agl  have  beer:  modified  sufficiently  to  produce  light  rain  or  snow, 
the  outcome  or  seeding  operations  aimed  at  producing  significant  increases  of 
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precipitation  over  large  areas  is  much  less  conclusive.  The  major  difficulty  in 
evaluating  these  experiments  is  that  there  is  no  'means  for  determining  how  much 
precipitation  would  have  fallen  if  the  cloud  had  not  been  seeded.  Therefore,  it 
has  been  necessary  to  rely  on  statistical  techniques  for  determining  if  the;  seeding 
produced  any  significant  effect.  The  great  variability  in  natural  rain,  inadequate 
means  of  measuring  precipitation,  and  the  fact  that  most  projects  did  not  have  proper 
statistical  design  have  made  evaluation  particularly  difficult.. 

The  President’s  Advisory  Committee  on  Weather  Control  [7],  using  its  own 
statistical  procedures  and  scientists,  evaluated  the  cloud  seeding  operations  of  12 
commercial  companies.  The  committee  concluded  that  “the  seeding  of  winter- 
type  storm  clouds  in  mountainous  areas  in  western  United  States  produced  an 
average  increase  of  precipitation  of  10-15%  from  seeded  storms  with  heavy  odds 
that  this  increase  was  not  the  result  of  natural  variations  in  the  amount  of  rain¬ 
fall.’'  The  committee  used  the  same  statistical  procedures  to  evaluate  cloud  seed¬ 
ing  operations  in  non- mountainous  regions  and  did  not  detect  an  increase  in 
precipitation.  A  committee  of  the  American  Meteorological  Society  [8]  and  one 
from  the  World  Meteorological  Organization  [9]  were  in  agreement  that  oro¬ 
graphic  clouds  were  the  most  likely  clouds  to  yield  additional  rainfall,  but  neither 
organization  regarded  this  point  as  having  been  definitely  established.  The  con¬ 
tention  that  orographic  clouds  are  favorable  for  rain-making  is  supported  on 
theoretical  grounds  by  Ludlam  [1C] . 

The  report  of  the  Advisory  Committee  on  Weather  Control  has  been 
criticized  by  Brownlee  [11],  and  Neyman  and  Scott  [12].  They  maintain  that  the 
conclusions  of  the  committee  are  invalid  since  the  report  was  based  on  non- 
randomized  seeding  operations  of  commercial  seeders.  Recent  experiments  using 
randomizing  techniques  for  cloud  seeding  have  been  conducted  in  California 
(Neyman,  Scott,  and  Vasilevskis,  [13]),  Arizona  (Battan  and  Kassander,  [14]),  and 
Australia  (Smith,  Adder  ley,  and  Walsh  [15]).  The  results  of  these  experiments, 
while  in  some  ways  being  suggestive  of  positive  effects  of  cloud  seeding,  are 
essentially  inconclusive. 

Laboratory  tests  in  search  of  other  agents  for  seeding  supercooled  clouds 
has  revealed  nothing  nearly  as  efficient  as  dry  ice  and  silver  iodide  (Mason,  [16]). 
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H.9.1.3  Wetting  Agents 

Kessler  [17]  has  suggested  that  if  raindrops  could  be  made  smaller  than 
natural  size,  they  would  fall  slower,  and  the  probability  of  precipitation  down¬ 
wind  of  a  ridge  would  rise.  Laboratory  experiments  by  Blanchard  [18]  showed 
that  drops  whose  surface  tension  had  been  reduced  by  adding  a  wetting  agent 
(detergent)  nearly  always  broke  up  in  colliding  with  other  drops.  Before  xield 
tests  are  conducted,  more  laboratory  experiments  art  required  to  determine 
the  change  of  coalescence  efficiency  and  drop  breakup  with  change  of  surface 
tension  at  various  drop  sizes  (Battan,  [19]). 

H.9,2  Cloud  Electrification 

Laboratory  experiments  by  Sartor  [20]  and  Frier  [21]  have  shown  that  the 
coalescence  efficiency  of  water  droplets  increases  as  the  electric  field  increases. 
Moore  and  Vonnegut  [22]  have  suggested,  after  observing  the  rapid  appearance  of 
rain  from  thunderstorms  in  New  Mexico,  that  electrical  effects  appreciably 
accelerate  the  coalescence  process.  If  such  electrical  forces  do  operate  in 
clouds,  they  offer  a  mechanism  for  possible  stimulation  of  precipitation.  Vonnegut 
and  Moore  (Rand  Corp.,  [23])  are  presently  conducting  experiments  to  test  whether 
they  can  artificially  change  the  electric  properties  of  cumulus  clouds.  They 
have  strung  wires  between  mountain  peaks  in  New  Mexico.  These  wires  can  emit 
either  positive  or  negative  ions  to  the  clouds.  The  results  of  this  work  should  be 
watched  carefully. 

H.9.3  Convection  Stimulation 

H.9.3,1  Fires 

It  has  long  been  suggested  that  rising  convection  currents  initiated  by  sur¬ 
face  heating  can  produce  significant  amounts  of  rainfall.  As  early  as  1843,  Espy 
[24]  suggested  that  prairies  or  timber  destined  to  be  burned  be  preserved  until 
periods  of  drought.  Dessens  [25]  produced  weak  precipitation  in  the  Congo  under 
clear  sky  conditions  by  igniting  brush  fires.  Recently,  Dessens  [26]  has  been 
experimenting  with  oil  burners  in  the  Congo  and  Pyrenees  Mountains  in  attempts 
to  stimulate  convection.  Although  several  small  tornadoes  were  reported  to  have 
been  produced  in  this  manner  (Dessens,  [27]),  it  has  not  been  determined  whether 
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this  scheme  is  capable  of  producing  sufficient  rain  to  be  economically  feasible. 

H.9.3.2  Asphalt 

Black  and  Tarmy  [28]  have  suggested  that  rainfall  might  be  artificially 
increased  by  coating  large  sections  of  ground  with  asphalt.  A  quantitative  esti¬ 
mate  of  the  rainfall  amount  and  cost  in  s.  subtropical  region  suggests  that  rain¬ 
fall  could  be  produced  at  the  low  cost  of  3£  per  1000  gal.  The  calculations  made 
by  Black  and  Tarmy  are  based  on  studies  by  Malkus  [29]  of  airflow  over  small 
heated  islands.  Malkus  has  reported  on  the  formation  of  clouds  and  precipitation 
produced  by  convection  currents  rising  off  the  small  flat  island  of  Anegada  and 
concludes  “that  Anegada  sized  asphalt  coatings  are  quite  likely  to  produce  pre¬ 
cipitation  in  some  amount,  somewhere,  on  some  occasions,  and  are  thus  as 
promising  a  technique  of  rain-making  as  has  been  advocated.” 


H.9.3.3  Nuclear  Eneri 


If  further  work  with  artificial  heat  sources  indicates  that  moderate 


quantities  of  heat  can  produce  convective  clouds  capable  of  producing  significant 
rain,  it  might  be  well  to  consider  the  use  of  nuclear  reactors  as  a  means  for 


generating  the  required  heat. 


H.9.3.4  Carbon  Black 

Van  Straten  and  others  [30]  suggested  that  carbon  black  particles  dispersed 
into  clear  air  under  unstable  conditions  could  lead  to  the  formation  of  convective 
clouds  since  the  carbon  particle  would  absorb  solar  radiation  and  heat  the  air. 
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H.10.0  PRECIPITATION  SUPPRESSION 


H.10,1  Chemical  Seeding 

H.l  0.1.1  Methylamine 

Laboratory  experiments  by  Birstein  [31]  havr  shown  that  it  is  possible  to 
inhiuit  ice  crystal  formation  by  natural  nuclei  by  treating  the  air  with  methylamine. 
The  methylamine  reduces  the  temperature  of  nucleation.  If  this  effect  can  be 
reproduced  in  clouds,  it  suggests  a  means  for  suppressing  rain. 

H.l 0.1. 2  “Overseeding”  with  Agl  and  solid  CO^ 

If  sufficient  quantities  of  Agl  or  dry  ice  can  be  introduced  into  a  building 
cumulus  cloud,  it  may  be  possible  to  convert  a  large  portion  of  the  supercooled 
water  content  to  ice  crystals.  This  might  reduce  the  coalescence  efficiency  to  a 
point  where  very  few  particles  could  grow  to  a  size  sufficient  to  fall  through  the 
updrafts.  Results  of  experiments  in  Project  Skyfire  (Barrows  and  others,  [32]) 
show  that  small  cumulus  clouds  are  dissipated  by  seeding  with  large  quantities 
of  Agl.  Field  experiments  in  “overseeding”  with  Agl  have  been  hampered  by  the 
lack  of  generators  capable  of  producing  the  required  number  of  nuclei. 

H.10.1.3  Carbon  Seeding 

In  order  to  dissipate  warm  cumulus  clouds,  van  Straten  and  others  [30] 
have  reported  on  experiments  in  which  the  tops  of  cumulus  were  dusted  with 
carbon  black.  It  was  reported  that  cumulus  clouds  dusted  with  1-1/ 2  to  6  pounds 
of  caibon  black  dissipated  about  10  min  after  dusting.  It  is  reasoned  that  the 
minute  carbon  particles  are  captured  by  the  cloud  and  absoro  solar  radiation, 
which  leads  to  warming  of  the  cloud  top  and  dissipation.  Although  it  is  not  pos¬ 
sible  to  draw  positive  conclusions  from  these  preliminary  experiments,  the 
results  are  encouraging  and  warrant  further  study. 

H.  10. 1.4  Evaporation  Control 

Since  the  majority  of  the  water  vapor  present  in  the  atmosphere  originates 
in  evaporation  from  large  bodies  of  water,  control  of  evaporation  from  these 
sources  suggests  a  means  of  precipitation  control. 

Hydrologists  (Roberts,  [33];  Cruse,  [34])  have  found  that  monomolecular 
films  such  as  hexdecanol,  dodeeunol,  and  cetyl  alcohol  spread  over  water  sources 
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can  substantially  reduce  evaporation.  If  such  films  were  spread  over -vast 
stretches  of  water,  this  might  substantially  reduce  the  amount  of  water  vapor 
available  for  rain,  as  well  as  increase  the  temperature  of  the  water  surface. 
However,  as  indicated  by  Houghton  [35],  “It  would  be  unthinkable  to  embark  on  such  a 
vast-  experiment  before  we  arc  able  to  predict  with  some  certainty  what  the  effect 
vould  be.  Without  such  knowledge,  the  effects  might  be  catastrophic  or.  a  lesser 
evil,  there  might  be  no  noticeable  effect  after  the  expenditure  of  large  sums.  A 
much  more  reasonable  approach  lies  in  continuation  of  basic  research.” 


H.il.O  HAIL  SUPPRESSION 

H.ll.i  Agl  and  solid  CO^  “Overseeding” 

As  indicated  in  the  previous  section,  il  °  introduction  of  large  quantities 
of  Agl  or  dry  ice  into  a  building  cumulus  may  convert  a  large  portion  of  the  avail¬ 
able  water  vapor  to  ice  crystals.  Hail  develops  when  the  rate  at  which  an  ice 
particle  grows  by  collision  when  falling  through  a  supercooled  cloud  becomes  so 
great  that  some  of  the  water  is  accreted  in  liquid  form.  Kail  is  therefore  asso¬ 
ciated  with  supercooled  clouds  of  high  water  content.  Therefore,  if  a  large  portion 
of  the  supercooled  water  vapor  in  a  cloud  can  be  converted  to  ice  crystals  by 
“overseeding”  with  Agl  or  dry  ice,  the  growth  of  hail  may  be  greatly  inhibited. 

Many  experiments  have  been  made  in  Europe  and  America  in  seeding 
cumulus  with  Agl  and  dry  ice  in  attempts  to  suppress  hail.  Evaluation  of  cloud 
seeding  experiments  in  hail  suppression  is  even  more  difficult  than  those  in  pre¬ 
cipitation  stimulation  since  hail  is  even  mere  variable  than  rain.  The  Advisory 
Committee  on  Weather  Control  reported  that  the  available  data  led  to  inconclusive 
results.  Battan  [19]  indicates  that,  when  consideration  of  the  quantity  of  Agl  dis¬ 
persed  in  almost  all  hail-suppression  tests  is  made,  it  is  evident  that  the  quant  uies 
were  too  small  to  “overseed”  building  cumulus  clouds.  Before  the  effect  of  “over¬ 
seeding”  can  be  evaluated,  it  will  be  necessary  to  conduct  carefully-controlled 
randomized  cloud  seeding  experiments  with  generators  capable  of  producing  a 
quantity  of  nuclei  several  orders  of  magnitude  greater  than  those  previously  used. 

H.11.2  Explosion 

In  Switzerland  and  Italy,  many  farmers  have  been  shooting  inexpensive 
rockets  into  hailstorms  in  on  attempt  to  reduce  hail  damage.  The  rockets  con¬ 
taining  gunpowder  are  exploded  at  a  height  of  1-]  .5  km.  The  farmers  claim  the 
hailstones  become-  “mush”  within  a  few  minutes  after  the  rockets  are  fired.  This 
led  Vittori  [36]  to  investigate  the  effects  of  blast  waves  on  ice  particles.  His 
experiments,  based  on  theory,  led  him  to  the  conclusion  that  blast  waves  are 
capable  oi  breaking  up  watery  hailstones  up  to  a  distance  of  150  m  from  the  explo¬ 
sion.  After  Roncali  [37],  challenged  the  results  of  Vittori ’s  experiments,  List  [C3] 
repeated  the  tests.  List  concluded  from  his  tests  that  “no  effect  is  produced  by 
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blast  waves  from  charges  up  to  1  kg  TNT  on  the  mechanical  cohesion  of  ice  objects 
at  a  distance  of  5  rn.”  According  to  List,  Vittori  wronglj  attributed  the  phenomena 
he  observed  to  explosions  instead  of  to  the  force  of  freezing  water.  On  the  basis 
of  List’s  experiments,  there  is  no  justification  fee  attempting  to  modify  hail  with 
explosions. 
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A.  Visual  Range  and  Acuity 

1.1.0  INTRODUCTION 

The  greatest  distance  over  which  a  given  object  can  be  seen  at  a  given 
time  when  viewed  through  the  atmosphere  by  a  human  observer  is  called  the 
visual  range.  The  degree  of  sharpness  with  which  the  object  can  be  seen  at 
this  and  lesser  distances  is  called  the  visual  acuity.  Acuity  is  part  of  a  more 
general  quantity  called  recognition.  In  general,  recognition  includes  the 
identification  of  one  or  more  object  parameters  (shape,  she,  structure,  color, 
movement,  reality,  etc.). 

By  definition,  both  visual  range  and  acuity  depend  on  physiological  and 
psychological  factors  that  affect  the  human  observer  and  on  the  properties  of 
the  object  as  well  as  on  geophysical  factors  that  influence  path-light  trans¬ 
mission  "and  object  illumination.  In  the  important  circumstances  in  wbich  the 
position  of  the  object  is  unknown  or  uncertain  and  the  determination  of  visual 
range  and  acuity  is  not  the  only  activity  of  the  observer,  the  factors  of  attention 
and  search  also  have  an  important  influence  on  the  numerical  values. 


*By  Keith  D.  Hage. 


1.2.0  CHARACTERISTIC  GEOPHYSICAL  PROCESS  AND  PROPERTY  INVOLVE¬ 
MENT 

If  we  assume  no  specular  reflection  from  medium  or  object,  a  horizontal 
and  homogeneous  path,  and  uniform  illumination  of  object  and  background  sky, 
the  relation  between  distance  x  and  the  apparent  contrast  c  of  the  object  to  the 
background  can  be  written 

x  =  o-Q1  hi  (c*c  1),  (1-1) 

where  is  the  extinction  coefficient  and  c*  is  the  intrinsic  contrast  of  the  object 
to  the  background.  An  analysis  of  the  assumptions  that  lead  to  Eq.  d~i)  and  of 
the  variables  that  appear  in  the  equation  indicates  that  the  principal  geophysical 
factors  that  modify  visual  range  are 

(a)  illumination  level  of  object  and  background 

(b)  wavelength  dependence  of  light  transmission  through  the  atmosphere 

and 

(c)  space  and  time  variations  in  the  extinction  coefficient ,  namely, 

(1)  specular  reflection  from  natural  interfaces, 

(2)  scattering, 

(3)  diffuse  reflection,  and 

(4)  absorption. 


1.3.0  VISUAL  RANGE  IN  FOG 

If  attention  is  restricted  to  visual  ranges  of  ter.s  than  1  or  2  km,  water 
droplets  in  the  form  of  precipitation,  cloud,  and  fog  represent  the  principal 
obscurations  in  the  low  levels  of  the  atmosphere  over  much  of  the  earth.  The 
single  most  frequent  obscuration  in  the  lowest  few  hundred  feet  of  the  atmos¬ 
phere  is  fog.  For  this  single  phenomenon,  the  principal  geophysical  factors  that 
govern  visual  range  are: 

(a)  illumination  level  of  object  and  background  and 

(b)  space  and  time  variations  in  the  extinction  coefficient  due  to  scattering 
and  diffuse  reflection. 

In  special  instances,  specular  refection  from  fog  boundaries  may  be  of  con¬ 
siderable  importance.  In  natural  fogs,  Eq.  (1-1)  may  be  simplified  to 

Vr  =  k”X  ln  €~\  (1-2) 

where  V  is  visual  range,  k  is  the  scattering  coefficient,  and  e  is  the  threshold 
Jtv  S 

of  brightness  contrast.  For  spherical  drops, 

*K  V  2 

k  _  >  a  (1-3) 

s  4  t—rJ  l  l  ' 

i 

where  K  is  the  scattering  cross  section,  and  n.  denotes  the  number  of  water 
s  i 

drops  of  diameter  a^.  Equations  (1-2)  and  (1-3)  reveal  the  fundamental  import¬ 
ance  of  drop-size  distribution  as  a  geophysical  factor  in  relation  to  visual  range. 


1.4.0  MODIFICATION  FEASIBILITY 


A  critical  review  of  almost  all  known  fog-dispersal  methods  and  sugges  ;ed 
methods  has  been  presented  by  Junge[l],  His  review  includes  the  use  of  thermal, 
chemical,  potential,  and  electrical  energies  for  direct  and  indirect  modification 
of  the  drop-size  distribution.  He  concludes  that,  at  the  time  of  writing,  the 
mobile  heating  methods  (involving  the  burning  of  fuels)  appeared  to  be  entirely 
feasible  rind  superior  to  all  other  methods.  Several  other  methods  (dessication 
by  hygroscopic  chemicals,  seeding  with  dry  ice  or  silver  iodide,  mechanical  col¬ 
lection  by  falling  particles,  collection  by  electrostatic  attraction,  drainage  of 
foggy  air,  vertical  mixing  forced  by  large  fans,  collection  by  forest,  etc.)  were 
found  to  be  theoretically  sound  but  not  practical  because  of  limited  applicability, 
cost,  or  installation  size. 

It  is  interesting  to  note  that  all  these  methods  are  concerned  with  existing 
fog  droplets  and  that  little  mention  is  made  of  the  natural  physical  processes  that 
lead  to  the  formation  of  droplets  or  to  processes  that  determine  the  natural  dropr 
size  distribution.  Undoubtedly,  this  is  the  result  of  large  gaps  in  our  understanding 
of  the  relative  importance  of  the  natural  processes.  If  it  were  known,  for  example, 
that  under  certain  circumstances  radiative  cooling  of  the  air  is  responsible  for  fog 
formation  or  that  exchange  processes  between  the  earth’s  surface  and  the  over¬ 
lying  air  are  predominant,  or  if  relations  could  be  established  between  drop-size 
distribution  and  the  statistics  of  the  condensation-nuclei  population,  the  possibility 
of  investigating  the  feasibility  of  modifying  basic  parameters  involved  in  the  pre¬ 
dominant  natural  processes  would  be  opened.  Theoretical  and  experimental  studies 
of  fog  formation  have  been  intensified  recently,  but  much  more  effort  is  required 
if  we  are  to  derive  realistic  estimates  of  the  magnitudes  of  the  forces  and  of  the 
rates  of  transformation  and  dissipation  of  energy. 

For  spe**,*il  applications,  the  mobile  heating  methods  may  not  be  practical 
because  of  the  generation  of  light,  because  of  fire  hazards,  or  because  of  the  need 
for  operation  of  rather  cumbersome  burners  at  ground  level  over  the  area  of 
interest.  For  such  applications,  it  may  be  useful  to  investigate  other  known 
methods  with  disadvantages  that  are  less  critical  to  the  particular  application. 
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B.  The  Accretion  Process  in  Relation  to  Visual  Range  in  Fog 
1.6.0  INTRODUCTION 

The  mechanical  process  of  modification  of  visual  range  in  fog  by  sweep- 
out  or  accretion  of  small  droplets  on  large  falling  water  drops  has  been  proposed 
in  the  past  and  dismissed  with  good  reason  as  an  impractical  method  for  general 
use  [1,2].  Nevertheless,  the  method  is  believed  to  be  sound  in  principle  and  has 
advantages  for  certain  purposes  because  of  its  use  of  inexpensive,  abundant  raw 
material  that  is  nontoxic  and  noncorrosive  and  that  does  not  require  the  produc¬ 
tion  of  light,  vibration,  or  open  flames.  For  these  reasons,  the  method  is 
reexamined  with  a  view  to  its  possible  use  under  limited  conditions  or  in 
limited  areas.  Empirical  evidence  of  natural  occurrences  of  the  accretion 
process  is  presented  together  with  rough  theoretical  estimates  of  the  magnitude 
of  the  effect  on  visual  range  for  selected  combinations  of  falling  water  drop- 
and  fog  drop-size  distributions. 
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1.7.0  STATISTICAL  STUDIES  OF  THE  EFFECTS  OF  ACCRETION  BY 
NATURAL  RAIN  IN  FOG 

Recent  studies  carried  out  for  the  United  States  Weather  Bureau  [3] 
indicated  the  existence  of  statistical  relations  between  visibility  or  ceiling  and 
liquid-precipitation  intensity.  For  visibilities  below  about  0.5  to  1  mi,  these 
relations  were  attributed  tentatively  to  the  process  of  accretion,  i.e.,  to  the 
effects  of  the  collection  of  fog  droplets  by  failing  drizzle  or  raindrops.  The 
findings  are  shown  in  Figs.  1-1  through  1-3,  taken  from  the  above  report. 
Because  the  absolute  frequencies  of  each  visibility  category  in  Figs.  1-1  and 
1-2  increase  rapidly  from  low  to  high  ranges,  and  because  the  absolute  fre¬ 
quencies  of  the  various  types  of  obstruction  vary  widely,  the  following  pro¬ 
cedures  were  used  as  aids  in  illustrating  the  changes  in  relative  importance  of 
each  of  the  indicated  obstructions  to  vision  in  relation  to  visibility.  To  sup¬ 
press  the  trend,  the  individual  frequencies  associated  with  each  type  of  obstruc¬ 
tion  were  divided  by  the  average  value  for  all  types  within  the  same  visibility 
range.  Second,  the  individual  frequency  ratios  were  multiplied  by  factors  that 
satisfy  the  requirement  that  the  total  contribution  due  to  each  type  of  obstruc¬ 
tion  in  the  visibility  range  from  0  to  3  mi  be  the  same.  Thus,  if  the  relative 
contribution  of  each  obstruction  did  not  vary  with  visibility,  all  curves  would 
have  appeared  in  the  figures  as  horizontal  straight  lines  at  ordinate  value  1 . 

The  significant  features  of  Figs.  I-T  and  1-2  are  the  decrease  in  import¬ 
ance  of  fog  as  a  contributor  to  low  visibility  as  the  intensity  of  simultaneous 
rainfall  increases,  and  the  increase  in  importance  of  rain  itself  as  a  restriction 
to  visibility  at  higher  ranges  as  the  intensity  of  rain  increases.  The  effect  at 
low  visibilities  is  tentatively  attributed  to  the  accretion  process,  although  it 
is  possible  that  it  reflects  the  action  of  other,  less  direct  physical  processes. 

A  similar  effect  on  ceilings  is  shown  in  Fig.  1-3. 

Additional  data  summaries  not  previously  reported  are  shown  in  Figs. 

1-4  and  1-5.  For  each  visibility  value,  one  observation  per  station  per  month 
of  rainfall  amount  in  the  previous  hour  during  rainstorms  of  3  or  more  hours’ 
duration  was  extracted  from  the  data.  For  the  lowest  visibilities,  it  was  neces¬ 
sary  in  a  few  instances  to  use  two  or  more  observations  in  one  month  due  to 
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Visibility  v,  mi 

Fig.  1-1.  Relative  importance  oi  fcg  without  precipitation 
and  fog  with  precipitation  of  various  intensities  as  obscura¬ 
tions  to  vision  at  Idlewild  International  Airport,  from  hourly 
data  for  the  years  1949  through  1958. 


Visibility  v,  mi 

Fig.  1-2.  Relative  importance  of  fog  without  precipitation 
and  fog  with  precipitation  of  various  intensities  as  obscura¬ 
tions  to  vision  at  Newark  Airport,  from  hourly  data  for  the 
years  1949  through  1958. 
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Fig.  1-3.  Mean  rainfall  rates  based  on  3-hr  total  amounts 
at  Battery  Place,  New  York  City,  for  low  ceilings  in  rain 
observed  at  the  midpoint  of  the  3-hr  period  at  Idlewild  Inter¬ 
national  Airport  (1966  through  1960). 


lack  of  data  in  other  months.  The  restriction  on  rainfall  duration  was  imposed 
to  minimize  the  effect  of  unrepresentative  values  caused  by  inadequate  resolution 
of  the  data  in  showery  precipitation.  The  jagged  curves  in  the  figures  represent 
the  50-,  80-,  and  90-percentile  limits  of  the  equal-group-size  rainfall-rate 
frequency  distributions  for  each  visibility.  The  straight  line  represents  the 

__ o 

relation  V  =  11. 6R  '  for  visual  range  V  in  rainfall  of  rate  R  only,  accord- 
m  m 

ing  to  Atlas  [4].  Within  the  limits  of  the  approximations  used  in  its  derivation, 
this  equation  represents  a  theoretical  upper  limit  for  the  data  under  study.  The 
behavior  of  the  distribution  curves  for  visibilities  below  1  mi  is  of  particular 
interest.  The  trend  to  low  rainfall  rates  as  visibility  decreases  supports  the 
results  in  Figs.  1-1  and  1-2  and  is  once  again  tentatively  attributed  to  the  accre¬ 
tion  process.  According  to  Fig.  1-4,  90%  of  all  visibilities  of  2000  ft  or  less  in 
rain,  with  or  without  other  obstructions,  occur  with  rainfall  rates  of  0.08  in. 
hr  1  or  less.  This  result  is  reproduced  by  the  data  in  Fig.  1-5. 
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1,8.0  THEORETICAL  CONSIDERATIONS  OF  THE  EFFECTS  OF  ACCRETION 
ON  VISUAL  RANGE 

The  meteorological  visual  range  (V  )  of  a  blackbody  viewed  horizontally 
under  uniform  monoc hromatic  illumination  scattered  by  particles  distributed 
homogeneously  along  the  path  is  given  by 


-1  ,  -1 
V  ~  a  me, 
m  s 


(1-1) 


where  a  is  the  extinction  coefficient  due  to  scattering  and  e  is  the  brightness- 
s 

contrast  threshold  of  the  human  eye  [5],  By  definition,  for  spherical  particles, 

(1-2) 


njr  _  .2 
a  =  —  C  d  , 
s  4  s 


where  the  scattering  is  accomplished  by  n  panicles  of  diameter  d  per  unit 

volume,  and  C  is  the  scattering  cross  section.  Thus,  when  attenuation  is  due 
s 

to  scattering  only  by  heterogeneous  droplets, 

-1 


V  = 
m 


4  In  e 
E.C  .n.d2 

1  si  x  i 


(1-3) 


If  we  assume  further  that  C  and  e  are  independent  of  d,  we  may  write 

s 

V  E  .n  d2 

t  l  Oi  l 


l  ti  x 


2’ 


(1-4) 


where  V  is  the  visual  range  at  time  t,  V  is  the  initial  visual  range,  and  n  and 

v.  V  vl 

n^.  are  the  numbers  of  drop-size  i  at  times  0  and  t  respectively. 

Consider  the  local  time  changes  in  the  number  of  fog  droplets  m  of 
diameter  d..  If  we  neglect  the  vertical  advection  of  dropleis  and  assume  as 
a  first  approximation  that  accretion  effects  can  be  represented  as  an  additive 
term  to  other  source-sink  processes,  then 


9n. 

_ JL 

at 


<5n. 

_ l 

fit 


fin. 
_ x 

D  +  fit 


V 


Vn., 


(1-5) 


where  (fim/fit)^  includes  the  contribution  of  all  processes  other  than  accretion 
which  lead  to  development  or  dissipation  of  droplets  within  an  air  parcel, 
(fin./fit) .  denotes  the  loss  of  fog  droplets  due  to  accretion,  V  •  Vn.  represents 

X,  A  1 

changes  due  to  horizontal  advection.  It  is  clear  from  Eqs.  (1-4)  and  (1-5)  that 
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to  achieve  a  specified  visual  range,  the  rate  of  removal  of  fog  droplets  (6n./5t) . 

1  A 

must  compensate  the  sum  of  the  rate  of  production  (6n./ 61)^  and  the  rate  of 
increase  of  droplets  due  to  advection  at  the  required  value  of  n..  If  the  apparent 
relation  between  rainfall  rate  and  visibility  shown  in  Figs.  I~1  through  1-5  was 
indeed  due  to  accretion  effects,  it  would  seem  that  rather  modest  rainfall  rates 
can  compensate  for  the  production  of  new  droplets  in  fogs  associated  with  rain¬ 
storms.  In  practice,  the  advection  term  in  Eq.  (1-5)  presents  more  serious 
problems  if  V  is  not  negligible  due  to  necessary  limitations  on  the  areal  extent 
of  artificial  spray. 

Following  Rigby  et  al.  [6],  we  can  write  the  time  changes  in  fog-droplet 
number  as 

A  *  -  f  ni  C  V'D2dD-  W 

In  Eq.  (1-6),  the  precipitation  is  specified  by  the  drop-size  distribution  function 
Njj,  the  diameter  D  and  the  fall  speed  v.  The  quantity  E  represents  the  collection 
efficiency  averaged  over  all  precipitation  drop  sizes  for  the  droplet  size  d..  On 
integration, 

n/nQ  =  exp  (-1115Et  JQ  lyT^dD),  (1-7) 

where  use  has  been  made  of  Spilhaus’  [7]  relation  for  terminal  velocity 
1/2  -1 

(v  =  1420D  cm  sec  ).  Combining  Eqs.  (1-4)  and  (1-7)  yields 
V.  Lnn.d2 

_£  _ Ljl  ‘ _  -  O, 

V  2  __  oo  5/2  ** 

0  L. n..d.  exp  (-1115E.1  f  N_D  '  dD) 

To  apply  Eq.  (1-8),  it  is  necessary  to  specify  the  initial  fog-droplet-size- 
distribution  function  n^.,  the  collection  efficiency  E  (as  a  function  of  droplet  size), 
and  the  precipitation-drop-size-distribution  function  N^.  The  quantities  n^  and 
E.  present  the  greatest  difficulties,  for  little  is  knov/n  about  the  contribution  of 
small  droplets  (d  <  5  p)  to  the  restriction  of  visibility  in  natural  fogs*  and  about 
the  true  variation  of  E  with  droplet  size.  As  a  result  of  these  uncertainties, 

*See,  for  example,  the  discussion  reported  by  Singleton  [8,  p.  182]. 
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calculations  based  on  Eq.  (1-8)  are  little  more  than  exercises,  and  the  results 
must  be  interpreted  with  great  caution. 

Two  quite  different  drop-size  distributions,  as  shown  in  Table  1-1,  were 
used  in  sample  calculations  of  V  /V  .  The  aata  in  column  (a)  are  based  on  a 

V  U 

smoothed  curve  of  the  data  presented  by  aufm  Kampe  and  Weickmann  [9  p.  191) 
for  stratus  cloud.  The  data  in  column  (b)  were  derived  from  measurements 
reported  by  May  [10].  Mean  values  of  May’s  data  for  two  samples  (1030  and 
1230,  Dec.  13,  1960)  with  very  low  observed  values  of  visual  range  and  high  drop¬ 
let  counts  were  used  in  Table  1-1.  T’n?  drop-size  spectrum  was  evaluated  irom 
Best’s  [11]  equation,  1  -  F  =  exp  [-(x/a)n],  where  F  is  the  fraction  of  the  water 
content  accounted  for  by  drops  with  diameter  less  than  x  and  where  a  and  n  are 
constants.  The  values  of  a  and  n  and  the  size  range  indicated  in  Table  2  of 
May’s  [9]  paper  were  used  in  the  calculations. 

The  visual  range  according  to  Eq.  (1-3)  for  column  (b)  in  Table  1-1  with 

e  =  0.02  and  C  =  2  is  134  m.  The  observed  visual  range  was  approximately 
s 

80  m. 

According  to  May,  the  discrepancy  between  observed  and  calculated  values 

of  visual  range  could  be  accounted  for  by  errors  in  the  assumed  values  of  E  and 

C  ,  by  droplet-sampling  errors,  and  by  errors  in  the  estimate  of  visual  range 
s 

by  eye.  For  comparison,  the  relative  drop  numbers  reported  by  aufm  Kampe 
and  Weickmann  [9]  were  multiplied  by  a  constant  factor  to  give  a  theoretical 
visual-range  value  of  134  m. 

For  the  purpose  of  calculating  values  of  V  /V  ,  two  raindxcp-size- 

v  V 

distribution  functions  were  used.  The  equation  of  Marsha1 1  and  Palmer  [12], 

-4  -0  21  -1 

=  Nq  X  exp  (-A.D),  with  NQ  =  0.08  cm  and  \  -  41R  ‘  cm  ,  was  used 

to  simulate  natural  precipitation  of  rate  R.  Computations  were  also  carried 
out  for  monodisperse  raindrops  with  D  =  const.  =  400  pi.  Collection  efficiencies 
E  based  on  the  work  of  Langmuir  [13]  were  used  in  all  computations.  More  will 
be  said  about  the  limitations  and  shortcomings  of  the  calculations  later  in  this 
section. 

Values  of  V^/V^  for  selected  rainfall  rates  and  times  are  shown  in  Figs. 

1-6  through  1-8.  The  fog-drop-size  distribution  shown  in  column  (b),  Table  1-1, 
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was  used  in  Figs.  1-6  and  1-7.  The  curve  for  R  =  0.08  in.  hr  1  in  Fig.  1-7  is 
reproduced  in  Fig.  1-8  for  comparison  with  the  effects  of  the  same  precipitation 
on  the  fog-drop-size  distribution  shown  in  column  (a),  Table  1-1.  It  will  be  seen 
that  both  rainfall  rate  and  fog-drop-size  distribution  play  important  roles  in 
determining  the  effectiveness  of  accretion.  Though  not  shown  here  for  lack  of 
adequate  information,  it  i3  likely  that  the  variation  of  collection  efficiency  with 
drop  size  is  also  of  primary  importance. 

Although  the  curves  in  Figs.  1-6  through  1-8  suggest  the  possibility  of 
significant  effects  of  accretion,  on  visual  range,  they  must  be  considered  tentative 
because  el  uncertainties  in  the  basic  assumptions  and  parameters  required  for 
the  computations.  Perhaps  the  most  serious  uncertainties  are  associated  with 
the  following  parameters. 

(a)  Scattering  cross  section  C  .  For  large  values  of  drop  size,  a  portion 

s 

of  the  light  beam  is  diffracted  within  a  small  angle  of  the  forward  direction  and 

is,  therefore,  not  completely  lost  from  the  incident  beam.  Consequently,  the 

value  C  =  2,  used  in  the  calculations,  may  be  high  for  large  drops.  Further 
s 

information  on  this  question  may  become  available  in  the  future  [14  p.  147].  On 
the  other  hand,  for  very  small  drop  sizes,  values  of  between  2  and  4  may  be 
appropriate,  depending  on  the  dominant  wavelength  of  the  incident  light. 

(b)  Collection  efficiency  E.  Some  of  the  discrepancies  between  calculated 
values  ot  collection  efficiency  and  laboratory  or  field  measurements  are  well 
illustrated  for  large  collecting  drops  in  papers  by  Adder  ley  [15]  and  Kinzer  and 
Cobb  [16].  The  need  is  clear  for  more  reliable  estimates  of  collection  effi¬ 
ciencies. 

(c)  Fog-drop-size-distribution  data.  More  data  are  needed  on  the  numbers 
oi'  small  drops  present  in  natural  fogs  of  various  types  and  on  the  importance  of 
the  small  drops  as  contributors  to  the  restriction  of  visual  range.  Recent  papers 
by  May  [10]  and  Eldridge  [17]  indicate  that  these  questions  are  by  no  means  set¬ 
tled  at  present. 


natural  rain  of  rate  R,  based  on  collection  efficiencies 


Fig.  1-7.  Visual  range  in  fog  [column  (b),  Table  1-1]  as  a  function  of  time  during  accretion  by 
monodisperse  rain  of  rate  R  (d  =  400  p)  based  on  collection  efficiencies  after  7>ngrrwfr  [llj. 
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1.9.0  PRACTICAL  CONSIDERATIONS 

Artificial  simulation  of  the  accretion  process  requires  elevation  of  a  mass 
of  water  to  a  specified  altitude,  fractionation  of  the  mass  into  a  certain  drop- 
size  distribution,  and  uniform  distribution  of  the  drops  over  a  horizontal  area. 
Rough  estimates  of  water  requirements  can  be  derived  from  Figs  1-6  through 


I  B 
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Let  d  represent  the  length  of  a  side  of  a  square  area  to  be  thinned.  The 
total  area  A  over  which  the  water  must  be  distributed  in  wind  of  speed  V  allowing 
for  wind-direction  changes  of  ±a  degrees  is  approximately 

A  =  d2  +  VT  (d  +  VT  tan  a),  (1-9) 

where  T  is  the  time  needed  for  thinning.  If  A^  is  the  area  covered  by  each  source, 
the  number  n  of  sources  is 


n  =  AA, 


(1-10) 


The  flow  rate  Q  for  an  equivalent  precipitation  rate  R  is  Q  =  AR,  and  the 


total  volume  M  of  water  required  to  maintain  thinning  over  an  area  d  for  time 


7  is  approximately 

M  =  AR  (T  +  t). 


(1-11) 


Within  the  range  shown  in  Figs.  1-6  and  1-7,  T  is  approximately  inversely 
proportional  to  R,  and  it  is  therefore  advantageous  from  the  viewpoint  of  distribu¬ 
tion  to  use  a  large  flow  rate  under  windy  conditions  in  order  to  minimize  T,  A, 
and  n.  However,  for  small  values  of  T  (T  <  1  min,  approximately),  the  inverse 
relation  fails  because  a  finite  time  is  required  for  the  drops  to  fail  from  the 

initial  altitude.  Computed  values  of  A,  n,  and  Q  are  shown  in  Table  1-2  for  various 

-1  4  2 

areas  and  wind  speeds.  For  these  computations,  R  =  0.24  in.  hr  ,  A^  =  10  ft  , 
arid  a  =  30°.  Values  of  T  for  each  fog  type  correspond  to  an  increase  in  visual 
range  by  a  factor  of  2. 

The  values  in  Table  1-2  indicate  major  difficulties  in  the  way  of  practical 
utilization  of  the  method.  The  water-volume  requirements  and  the  distribution 
problems  are  particularly  serious  in  the  presence  of  wind. 

During  the  breakup  of  sheets  or  filaments  of  water,  many  small  droplets 
of  the  order  of  a  few  microns  in  diameter  are  formed.  If  the  water  is  emitted 
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TABLE  1-2 

EST I  MATED  SPRAY  PARAMETERS  FOR  DOUBLING  THE  VISUAL  RANGE  IN 
FOG  BY  WATER-DROP  ACCRETION* 


Thinned 

area, 

ft* 

Wind 

speed, 

knots 

Fcg  Type  FI  (T  =  2.5  min) 

Fog  type  F2  (T  =  6. 5  min) 

Total 
spray 
area  A, 
ft2 

Number 
n  of 

sourcast 

Total 
f  low 
rate  Q> 
gal  min-1 

Total 
spray 
area  A, 
ft2 

Number 
n  of 

sourcesf 

Total 
f  low 
rate 

gal  min**1 

0 

to6 

10* 

2.5  x  105 

10° 

1C? 

2.5  x  10? 

106 

4 

2.6  x  106 

2.6  x  1C? 

6.4  x  105 

7.6  x  io6 

7.6  x  10? 

1.9  x  101* 

8 

5. 4  x  106 

5.4  x  102 

1.5  x  10** 

2.2  x  10? 

2.2  x  IO? 

5.5  x  IO1* 

0 

10? 

10J 

2.5  x  101* 

10? 

lO^ 

2.5  x  IO1* 

10? 

It 

1.4  x  10? 

1.4  x  10J 

5.5  x  104 

2.2  x  10? 

2.2  x  105 

5.5  x  101* 

_ 

8 

1.9  x  10? 

1.9  X  105 

4.7  x  1C11 

4.J  x  10? 

4.5  x  105 

1.0  x  105 

*R  =  0.24  in.  nr-',  A,  =  10**  ft2,  and  c.  =  50*. 


tf  low  rate  of  each  source  is  25  9a1  *n»n*1 . 

from  an  airborne  vehicle  or  high  lowers,  these  droplets  may  not  present  a  prob¬ 
lem  because  the  majority  will  remain  near  the  height  of  emission.  However,  with 
ground-based  vertical  spray  under  high  pressure,  the  increased  production  rate 
of  fog  droplets  by  this  mechanism  may  significantly  reduce  the  accretion  effect. 
Detailed  nozzle  and  flow  characteristics  are  required  for  quantitative  estimates 
of  small-droplet  production  rates.  Special  nozzles  are  available  for  the  produc¬ 
tion  of  uniform  droplets,  but  it  is  unlikely  that  these  are  suitable  for  the  emission 
of  high- volume,  high-kinetic-energy  sprays. 
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1.10.0  SUMMARY  AND  CONCLUSIONS 

The  suggestion  that  the  accretion  process  be  simulated  artificially  as  a 
method  for  increasing  the  visual  range  in  i'og  over  land-based  airfields  has  been 
proposed  often  fl8,  2]  and  has  generally  been  rejected  for  die  following  reasons. 

(a)  The  requirements  for  large  volumes  of  water  are  such  that  an  air¬ 
craft  spray  system  is  impractical  in  wind  speeds  that  are  commonly  observed 
with  advection  fog. 

(b)  If  towers  or  other  frameworks  for  the  support  of  spray  apparatus 
are  erected  over  the  area  to  be  cleared,  they  will  represent  a  hazardous  inter¬ 
ference  with  the  airspace.  If  they  are  erected  upwind  of  the  area  to  be  cleared, 
the  system  will  not  work  in  very  light  winds. 

(c)  The  production  of  small  drops  by  nozzles  in  the  spray  apparatus  may 
be  of  such  magnitude  that  the  process  is  rendered  ineffectual.* 

(d)  The  initial  installation  costs  of  towers  or  other  frameworks  and 
water-distribution  lines  are  likely  to  be  high.  Land-based  installations  of  this 
nature  cannot  be  moved  easily. 

The  advantages  of  the  method  are  as  follows. 

(a)  If  water  drops  are  used,  the  raw  material  is  in  many  locations  abundant 
and  inexpensive.  Further,  unless  salt  water  is  used,  the  material  is  nontoxic  and 
noncorrosive,  and  the  method  does  not  involve  the  production  of  light,  vibrations, 
or  open  flames. 

(b)  If  a  land-  or  sea-based  system  is  used,  the  operating  costs  are  low. 
Energy  is  needed  only  to  move  the  required  mass  of  water  through  the  distribu¬ 
tion  lines  and  nozzles  against  the  force  of  friction  and  to  raise  it  to  the  required 
altitude  against  the  force  of  gravity.  In  relatively  small  volumes  of  air,  the 
system  could  be  operated  continuously  over  extended  periods  of  time. 

It  is  abundantly  clear  from  Table  1-2  that  the  artificial  water-spray  tech¬ 
nique  is  not  practical  for  the  enhancement  of  visual  range  in  fog  over  large  areas 
or  in  fog  that  is  moving  with  appreciable  speed.  At  the  same  time,  because  of  its 

*Personal  communication  from  Prof.  H.  G.  Houghton. 
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advantages,  the  method  may  be  worthy  of  further  consideration  for  special  pur¬ 
poses  or  special  localities.  The  advection  problem  could  be  substantially  reduced 
at  sea  by  moving  the  platform  of  interest  with  the  motion  of  the  fog.  The  occur¬ 
rence  of  fog  with  extremely  light  winds  is  rather  common  over  land  in  certain 
sheltered  locations,  and  the  method  may  be  useful  in  the  thinning  of  ground  fog 
and  the  prevention  of  deep  fog  that  results  from  radiative  cooling  of  the  top  of 
ground  fog  in  such  localities.  However,  before  the  method  can  be  seriously 
considered  even  for  limited  application,  quantitative  studies  of  the  distribution 
and  emission  problems,  based  on  up-to-date  nozzle  and  pump  technology,  are 
required. 
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APPENDIX  J.  BOUNDARY  LAYER  WINDS* 


J.1.0  GENERAL  DESCRIPTION 
J.1.1  Phenomena  Types 

The  winds  to  be  considered  are  confined  to  the  atmospheric  layer  in  which 
turbulent  viscous  forces  in  the  presence  of  an  underlying  surface  (whether  earth 
or  ocean)  are  dominant. 

In  general,  the  wind  quantities  are  assumed  to  correspond  to  observations 
of  at  least  several  minutes  to,  at  most,  about  an  hour  averaging  time.  Equivalent 
space-averaging  dimensions!  are  roughly  a  few  hundred  meters  to  a  few  kilometers 
in  the  horizontal,  with  a  '  ideal  averaging  dimension  of  approximately  .1  to  1 
times  the  height  of  the  observation  above  the  boundary  surface.  Smaller  scale 
variations  are  to  be  considered  turbulence  in  this  context,  and  are  treated  in 
more  detail  elsewhere  in  this  report. 

J.1.2  Characteristic  Geographic  Extent 

Averaged  wind  velocities  of  the  type  considered  exhibit  characteristic 
vertical  profiles  which  depend  on  such  parameters  (measured  on  at  least  the 
same  scale)  as  horizontal  pressure  gradient,  Coriolis  forces,  aer  odynamic  rough¬ 
ness  characteristics  of  the  underlying  surface,  and  the  static  stability  within 
the  layer  (as  represented  by  the  Richardson  number).  The  vertical  profiles 
would  therefore  be  uniform  over  horizontal  areas  (larger  than  the  space¬ 
averaging  dimension)  in  which  values  of  these  parameters  are  uniform.  Gener¬ 
ally  this  means  that  similar  vertical  profiles  of  boundary  layer  wind  velocity 
(comprising  a  “boundary  layer  wind  system”  in  this  survey)  would  be  expected 
to  extend  over  areas  of  about  a  few  tens  to  a  few  thousand  km  on  a  side. 

The  upper  end  of  this  range  would  apply  over  the  oceans  where  horizontal 
variations  in  the  parameters  are  weaker,  and  the  lower  end  over  the  continents 
where  horizontal  inhomogeneities  in  the  parameters  are  more  pronounced.  The 
smallest  scale  systems  will  be  encountered  in  the  vicinity  of  horizontal  dis¬ 
continuities  in  one  or  more  of  the  parameters,  e.g.  it  coast  lines,  at  ridge- 

*By  Joseph  P.  Pandolfo. 
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valley  boundaries,  and  in  air-mass  frontal  zones. 

J.1.3  Characteristic  Process  and  Property  Involvement 
J.  1.3.1  Basic  Forces 

(a)  Horizontal  frictional  stress  at  the  underlying  surface  and  within  the  layer 

(b)  Horizontal  pressure  gradient  forces 

(c)  Coriolis  forces 

J.1.3. 2  Modifying  Factors 

(a)  Surface  roughness 

(b)  Stability  (vertical  density  structure  of  layer)  which  is  modified  by: 

(i)  Radiational  properties  of  underlying  surface  (albedo,  long  wave 

emissivity) 

(ii)  Heat  capacity,  heat  transfer  efficiency  in  underlying  layer 

(iii)  Evaporation  at  surface 

(iv)  Cloud  effects  on  surface  temperature 

(c)  Baroclinicity  (horizontal  density  structure  of  layer) 

(d)  Large-scale  topography  of  underlying  surface 

J.  1.3.3  Property  Transports 


(a)  Air  mass 

(b)  Air  temperature 

(c)  Water  vapor  content 

(d)  Contaminants  (dust,  smoke,  etc.) 

J.1,4  Characteristic  Life  Cycle 

There  are  three  predominant  time  scales  evident  in  the  analysis  of  boundary 
layer  wind  systems.  The  first  is  the  free  period  of  the  inertial  oscillation  given 
by  T  =  27r f  1,  where  f  is  the  coriolis  parameter.  At  mid-latitudes  this  would  cor¬ 
respond  to  about  16  hr.  The  damping  effect  of  the  turbulent  frictional  forces  is 
highly  dependent  on  the  stability  of  the  lowest  portions  of  the  layer,  which  under¬ 
goes  diurnal  variations,  particularly  on  clear  days  and  over  land.  The  periods  in 
the  diurnal  var  iation  here  are  determined  by  the  daily  solar  heating  cycle.  A 
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thorough  analysis  of  the  combined  effects  of  the  inertial  oscillation  and  the  diurnal 
variation  of  eddy  viscosity  is  given  by  Ooyama  [1]. 

Variations  in  horizontal  pressure  gradients  occur  over  periods  of  1-5  days 
with  the  diurnal  period  predominant  in  sea-breeze,  mountain  valley  wind  systems, 
and  the  synoptic  scale  period  in  mid-latitude  storm  areas.  The  presence  of  synoptic 
periods  is  much  less  pronounced  over  tropical  and  polar  areas. 

A  linearized  analysis  of  the  planetary  boundary  layer  using  Eq.  (J-3)  with 
non-linear  velocity  terms  neglected,  and  time-constant  pressure  gradient  and 
eddy  viscosity,  gives  a  damped,  quasi-periodic  solution  for  the  velocity  profile  as 
a  function  of  time,  very  slowly  approaching  the  classical  steady  state  solution  of 
Ackerblom,  given  for  example  in  Berry  et.  al.,  [2]  (the  so-called  atmospheric 
Ekman  spiral).  After  three  full  periods  of  the  inertial  oscillation  (48  hr  in  mid- 
latitudes),  the  velocity  profiles  will  still  oscillate  about  their  steady  state  vaTue 
with  an  amplitude  of  10-20%  of  the  steady  state  values. 

The  results  of  this  analysis  on  an  extremely  simplified  model  of  the  boundary 
layer  wind  system  would  appear  to  indicate  that  transients  dominate  the  velocity 
profiles  in  mid- latitudes,  with  the  Tfetime  of  the  boundary  layer  wind  systems 
determined  by  the  time  scale  of  changes  in  the  free-atmosphere  large-scale  cir¬ 
culation  patterns.  Boundary  layer  systems  over  subtropical,  tropical  and  polar 
regions  are  more  long-lived  but  are  definitely  oscillatory  in  nature,  with  the 
periods  of  the  inertia  oscillation,  and/or  the  diurnal  heating  cycle,  dominant. 
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J.2.0  ASSESSMENT  OF  GEOPHYSICAL  FORCES 


J.2.1  Equation  of  Horizontal  Motion 

The  general  equation  for  horizontal  averaged  motion  may  be  written 


av 

at 


1  St  8V 
-Vp-fkXV-t--— --w~ 
p  *  p  dz  az 


+  v.  f  vv 

p 


d_  iL  av 
az  p  az 


V-7V  +  -  V-t 
p 


where 

V  =  horizontal  wind  vector 

w  =  vertical  component  of  wind 
f  =  coriolis  parameter 
p  =  air  density 
p  =  pressure 

r  =  turbulent  (Reynolds’)  stress  tensor 
p  =  molecular  (laminar)  viscosity 
E  =  unit  vector  in  the  vertical 

V  =  horizontal  gradient  operator. 


(J-l) 


If  it  is  assumed  that  the  components  of  the  stress  tensor  may  be  written  as 


a  9V  . 

Az  3z’  ah  VV’ 

the  last  six  terms  on  the  right  hand  side  may  be  written 

8A 


[A  ♦  l- 

z  p 1  n  2  az 
az 


Z-Wlf  +  'AH+fl^ 


(J-2) 


+  [VA  -  V].VV. 

ll 

On  the  basis  of  order -of -magnitude  estimates  (see  Table  J-l)  the  terms  involv¬ 
ing  the  molecular  viscosity  and  A  and  its  derivatives  may  be  justifiably  neglected. 
Neglect  of  the  term  involving  the  averaged  vertical  velocity  appears  to  be  indicated, 
particularly  within  the  lower  levels  of  the  boundary  layer,  where  the  vertical 

velocities  are  presumably  small.  It  should  be  noted  he”e  that  A  is  generally  not 

z 

constant  with  height. 
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TABLE  J-1 

ORDER  OF  MAGNITUDE  ESTIMATES  OF 
VARIOUS  TERMS 


Terms 


Estimated  order  of  magnitude 


P 

P 


fIVvl] 


[|V2^|] 


rafi1 

dz 

r82  v"1  -1 


dz 


dA 


dz 


O' 


IvAhI 


Ivl 


~  10^  to  10^  cn?  sec"^ 


~  10"^  cm?  sec“^ 

~  105  to  107  cm?  sec“^ 

-  10-3 

<  10-3 

~  1  to  1C?  cm  sec“^ 

<  1  cm  sec-^ 

~  1-10  cm  sec”^ 

~  102  to  2  X  105  cm  sec-1 


A  simpler  horizontal  motion  equation  may  now  be  written  as 

—  +  V-V^  =  --Vp-fl<XV  +  f-  [k(R.,  z)  (J-3) 

at  p  ^  9z  l  '  i  O'  9z  J 

2  -i 

where  K  has  the  dimensions  of  Az,  (cm  sec  ),  and  zQ  is  the  roughness  parameter 
of  the  surface.  The  following  force  analysis  may  be  applied  for  the  simplified  equa 
tion. 

The  last  force  (in  Table  J-2)  may  be  compared  in  order  of  magnitude  with 

—  '  -4-2 

the  advective  term  V-VV  which  is  generally  less  than  10  cm  sec  ;  this  indicates 

that  neglect  of  the  advective  term  may  be  justifiable. 
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Force 

Horizontal  s-cale 

Vertical 

scale 

Coriolis  force 

-m  x  ? 

10"^  to  2  cm  sec"2 

ic£  to  10?  km 

10"1 

to  1 

km 

Horizontal  prassure 
force 

> 

10"^  to  2  cm  sec 

10  to  10'  km 

10"1 

to  1 

km 

Turbulent  viscous 
force 

8  3v 

10"^  to  1  cm  sec"2 

—  . .  — 

10"1  to  103  km 

10"1 

to  1 

km 

J.2.3  Characteristic  Structure 

Observations  of  boundary- layer  wind  profiles  may  be  classified  in  the 
following  way.  One  group  consists  of  wind  profiles  as  measured  from  fixed  towers 
tending  up  to  less  than  100  m  height  in  general  [3],  although  recent  observations  to 
300  have  been  obtained  [4].  A  relatively  small  portion  of  these  observations  are 
obtained  over  water  and  all  of  these  are  confined  to  shallow  coastal  or  inland 
waters  [5J. 

A  second  group  comprises  low  level  (up  to  30  m)  wind  profiles  measured 
from  ships  and  other  floating  platforms  over  more  open  waters  [6],  with  attendant 
problems  in  their  interpretation  because  of  the  response  of  the  wind  sensors  to 
platform  motions. 

A  third  group  of  observations ,  and  probably  the  largest,  consists  of  standard 
pilot  balloon  and  rawinsonde  measurements  of  wind  through  the  lowest  1-2  km  of 
the  atmosphere.  Velocity  measurements  of  this  type  allow  less  freedom  in  choice 
of  averaging  period  or  scale,  and  individual  observations  will  reflect  the  effects 
of  “turbulence,”  as  defined  earlier  in  this  survey. 
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A  valuable  group  of  simultaneous  fixed  tower  and  higher  level  observa¬ 
tions  over  land  is  available  in  the  results  of  the  Great  Plains  observational 
program  [7],  in  which  several  independent  wind-observing  systems  were  used 
throughout  the  entire  layer  of  interest.  Characteristic  wind  profile  structures 
shown  in  these  observations  may  be  briefly  described  as  follows: 

Through  a  shallow  layer  immediately  in  contact  with  the  earth’s  surface 
(about  10  to  100  m  thick),  variations  of  the  stress  with  height  appear  to  be 
relatively  small,  and  the  velocity  profiles  are  characterized  by  a  constant  direction 
throughout  this  layer.  Wind  speed  profiles  show  an  increase  with  height  through¬ 
out  the  layer.  The  speed  profiles  are  characteristically  logarithmic  in  height, 
with  a  form  given  by  Prandtl  [8],  i.e., 

I VI  (z)  a  In  Z.  (J-4) 

Variations  in  the  stability  of  this  layer  appear  to  introduce  systematic 
departures  from  the  logarithmic  profile,  giving  profiles  that  are  well  fitted  by 

!V|  (z)  =  A  In  Z  +  BZ  (J-5) 

where  the  coefficients  A  =  A  (ZQ,  surface  stress);  B  =  B  (stability,  mean 
temperature,  gravity)  [9].  In  sufficiently  unstable  conditions  power  laws  seem, 
more  appropriate; 

1 VI  (z)  QiZ“P  (J-6) 

where  p  is  a  fractional  power  <  1,  [10],  In  many  applications  requiring  only 
empirical  fitting  of  the  profiles,  power  laws  may  be  used,  if  more  convenient, 
to  fit  any  of  the  relations  above  [11]. 

Above  this  shallow  contact  layer  the  stress  variation  with  height  appears 
considerable.  Wind  directions  show  a  characteristic  turning  with  height, 
turning  clockwise  into  the  direction  of  the  large  scale  gradient  wind 
from  the  ground  to  the  top  of  the  boundary  layer  in  the  Northern  Hemisphere, 
and  counter-clockwise  in  the  Southern  Hemisphere.  Maximum  deviations  in  any 
single  profile  of  wind  direction  from  the  gradient  direction  appear  to  vary  from 
about  5°  to  about  30°.  The  size  of  the  deviation  appears  to  vary  systematically 
with  surface  roughness,  gradient  magnitude,  latitude,  and  baroclinicity  (horizontal 
density  variation)  of  the  layer  [12]. 
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Wind  speed  profiles  in  this  layer  appear  roughly  to  be  damped  trigonometric 
functions  of  height,  approaching  geostrophic  speed  at  the  top  of  the  layer.  Speed 
maxima  within  the  layer  are  frequently  observed  and  may  become  very  pronounced 
at  heights  of  a  few  hundred  meters.  This  phenomenon  has  been  referred  to  as 
the  “low  level  jet,”  and  may  produce  wind  shears  of  20  m  sec  (200  m)  under 
conditions  favorable  to  its  formation,  [4J. 
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An  energy  equation  has  been  derived  from  Eq.  (J-3)  with  the  non-linear 
advective  terms  neglected.  Vertical  integration  of  the  equation  yields  the 
specific  kinetic  energy  in  a  vertical  column  from  the  surface  to  any  convenient 
height,  D,  which  represents  the  top  of  the  layer  of  interest,  in  units  of  ergs 
cm  gm  \  (To  obtain  vertical  average  specific  kinetic  energy,  ergs  gm 

_3 

divide  by  D.  To  obtain  vertical  average  kinetic  energy  density,  ergs  cm  , 

_3 

multiply  by  air  density,  p  ~  10  .)  The  energy  transformation  rates  are  given  in 

ergs  cm  gm  *  sec  \  Figure  J-l  shows  the  budget  represented  by  the  energy 
equation  thus  obtained.  K,  P,  and  I  denote  kinetic,  potential,  and  internal 
energy  reservoirs,  respectively. 

The  transformation  rate  formulas  are  written  so  that  a  negative  value 
denotes  transformation  from  the  kinetic  energy  of  the  boundary  layer  wind  sys¬ 
tem,  while  a  positive  value  denotes  transformation  to  kinetic  energy  of  the 
boundary  wind  system.  From  the  definition  of  t,  it  may  be  seen  that  the  trans¬ 
formation  (4)  (in  Fig.  J-l)  must  always  proceed  in  the  direction  shown,  since 
the  integrand  is  always  positive.  The  other  transformations  may  proceed  in 
either  direction  depending  on  the  algebraic  signs  of  the  scalar  products  in  the 
formulas.  Normally,  for  the  entire  depth  of  the  boundary  layer,  transformation 
rate  (1)  (in  Fig.  J-l)  is  relatively  small  compared  to  the  other  rates,  (2)  is 
positive,  and  (3)  is  either  zero  or  positive,  depending  on  whether  the  lower 
boundary  is  subject  to  displacement  under  the  action  of  the  wind.  Transforma¬ 
tion  rate  (3)  for  an  underlying  water  surface  represents  the  amount  of  energy 
going  directly  into  wind  generated  waves  and/or  currents  (see  Appendixes  I, 

K  in  [13]). 

For  older  of  magnitude  estimates  of  the  transformation  rates,  the 
simple  closed-form  solutions  for  the  steady-state  atmospheric  wind-spirals 
over  land  [2]  and  sea  [14]  were  used  to  obtain  estimate  formulas.  These  formulas 
are: 
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Energy  budget  in  boundary  layer  wind  system. 


(a)  over  land 


(b)  over  water 


Numerical  estimates  of  the  transformation  rates  over  land  for  the  entire 
depth  of  the  Ekman  layer  are  given  in  Fig.  J-2(a).  For  over-wa,.er  estimates 
(1)  and  (?)  are  decreased  by  approximately.  1  percent,  (4)  is  decreased  by  about 
2  percent,  and  (3)  becomes  about  25  percent  of  (1).  The  range  of  K  given  for  a 
geostrophic  wind  speed  of  30  ra  sec-1  is  from  an  estimate  of  the  variation  in 
mean  K  with  static  stability  of  the  layer.  The  lowest  value  would  be  typical  for 
a  stable  layer  and  the  highest  value  for  an  unstable  layer. 

The  steady  state  estimates  indicate  storage  to  transformation  ratios  of 
4 

10  sec,  sugg Noting  that  changes  by  relatively  small  factors  in  one  of  the  signi¬ 
ficant  transformation  rates,  while  holding  the  other  constant,  will  lead  to  significant 
changes  in  the  storage  in  about  3  hr.  More  precise  assessments  of  the  time  periods 
and  variations  would  require  energy  estimates  from  the  transient  solutions  (as 
opposed  tc  the  steady  state  solutions),  with  more  realistically  modelled  height- 
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;rgy  estimates  for  the  Ekman  boundary 


stability-eddy  viscosity  relationships.  While  such  models  have  been  investigated 
(see  Section  J.4.3.0),  none  of  the  energy  quantities  have  been  computed. 

Realistic  time  variations  in  the  wind  speed  profiles,  however,  have  been 
given  by  numerical  solutions  of  such  models.  These  agree  with  observations, 
and  also  with  the  inferences  drawn  above,  in  showing  that  significant  changes  in 
kinetic  energy  storage  can  occur  over  a  few  hours ,  due  solely  to  the  abrupt 
changes  in  stability  (and  therefore  the  eddy  viscosity)  that  occur  normally  over 
land  surfaces  at  sunrise  and  sunset.  As  the  depth  of  the  layer  considered 
approaches  that  of  the  so-called  “layer  of  constant  stress”,  (i.e.,  10-100  m  above 
the  surface),  energy  transfer  at  the  upper  and  lower  boundaries  of  the  layer 
becomes  more  significant  than  transformation  (2).  Figure  J-2(b)  shows  some 
numerical  estimates  for  the  lowest  50  m  of  the  atmosphere  over  a  land  surface, 
derived  from  formulas  (4)  and  (5). 

It  may  be  presumed  that  over  water  surfaces,  transformation  (3)  becomes 
comparable  in  order  of  magnitude  to  transformation  (1)  and  may  enter  in  the 
energy  budget  with  either  positive  or  negative  contributions  depending  on  relative 
wind-wave  or  wind-current  speeds.  Realistic  time  change  estimates  require 
stress  variations  with  height  within  this  shallow  surface  layer  to  be  about  3-10 
percent  of  the  stress  value  itself,  at  least  in  neutral  and  unstable  conditions. 

This  magnitude  of  the  stress  change  with  height  is  normally  and  justifiably  neg¬ 
lected  in  the  derivation  of  speed-height  relations  like  Eqs.  (J-4),  (J-5),  (J-6); 
it  apparently  cannot  be  neglected  in  considering  the  energy  budget. 

The  estimates  given  in  Fig.  J-2(b)  indicate  that  this  layer  is  in  more  pre¬ 
carious  balance  energetically  than  the  entire  boundary  layer.  Storage  to  trans- 

2  4 

formation  ratios  are  notably  smaller,  ranging  from  about  5  X  10  -10  sec. 


<1.4, 0  MODIFICATION  OR  CONTROL  FEASIBILITY 


J.4,1  Direct  Interference 

Inspection  of  the  energy  budgets,  (Figs.  J-l,  J-2)  identifies  the  parameters 
which  are  of  importance,  aside  from  wind  profile  characteristics  themselves. 
These  are  the  horizontal  pressure  gradient  and  the  vertical  coefficient  of  eddy 
viscosity. 

i 

Direct  interference  with  the  horizontal  pressure  gradient  and/or  its 

vertical  distribution  involves  large  scale  redistribution  of  atmospheric  mass  in 

the  horizontal.  In  most  cases  this  wouid  imply  the  capability  to  control  synoptic 

and  meso-scale  circulation  patterns,  which  is  lacking  at  present. 

Direct  interference  with  the  vertical  mixing  process  by  mechanical  means, 

i.e.,  the  direct  artificial  production  of  significant  turbulent  energy,  requires  the 

8  -1 

expenditure  of  at  least  10  cal  cm  sec  to  add  one-tenth  of  the  natural  turbulent 

energy  production  in  the  planetary  boundary  layer  over  an  area  1  km  on  a  side 

(assuming  100  percent  efficiency  in  the  expenditure).  This  is  the  equivalent  to 

-2 

the  energy  of  combustion  of  10  tons  of  hydrocarbon  per  second.  This  energy 

input  would  have  to  be  maintained  over  durations  of  the  order  of  the  storage- 

3  4 

transformation  ratios  estimated  in  Section  J.3.0,  i.e.,  10  —  10  sec. 

J.4.2  Indirect  Interferences 

J.4.2.1  Modification  of  the  Stability  of  the  Boundary  Layer 
Qualitatively,  the  stability  may  be  represented  by  the  vertical  difference  in 
temperature  between  the  bottom  and  top  of  the  layer  considered.  The  stability 
may  be  increased  by  decreasing  the  temperature  of  the  lower  boundary  relative 
to  the  temperature  at  the  top  of  the  layer  of  interest.  An  increase  in  stability 
would  result  in  smaller  values  of  both  lower  boundary  stress  and  internal  eddy 
viscosity  in  the  absence  of  other  changes.  The  stability  undergoes  large  diurnal 
changes  over  land  surfaces,  which  are  accompanied  by  large-amplitude  diurnal 
variations  in  boundary  layer  wind.  Over  water,  because  of  the  character  of  the 
underlying  layer,  diurnal  variations  in  stability  are  normally  much  smaller,  as 
are,  presumably,  diurnal  variations  in  boundary  layer  wind,  though  this  last 
effect  is  not  as  clearly  noted  in  the  literature. 
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The  feasibility  of  duplicating  these  naturally  observed  variations  by  inter¬ 
ference  with  the  thermal  exchange  budget  at  the  lower  boundary  is  a  potentially 
fruitful  area  of  investigation.  This  indirect  modification  procedure  might  allow 
significant  modification  of  .the  energy  storage  without  comparable  expenditures 
of  energy. 

The  largest  components  in  the  heat  budget  of  the  lower  boundary  are  the 
radiative  exchanges  between  the  interface  and  the  sm,  and  the  interface  and 
upper  atmospheric  layers  (including  clouds).  Smaller,  but  considerable,  trans¬ 
fers  of  sensible  and  latent  heat  within  the  lowest  atmospheric  layers  play  a  role, 
and  these  are,  to  some  extent,  directly  related  to  the  eddy  viscosity,  and  the 
stability  itself.  Heat  transfer  downward  from  the  interface  to  the  underlying 
material  plays  a  minor  role  for  the  land-air  interface,  and  a  more  significant 
role  for  the  water-air  interface. 

Some  idea  of  the  differences  that  might  be  produced  by  changing  the  albedo, 
emissivity,  and  moisture  of  a  land  surface  may  be  obtained  from  the  report  of 
Estoque  and  Yee  [ll'j.  The  model  integrated  by  Rstoque  and  Yee  was  homogeneous 
in  the  horizontal.  In  order  to  estimate  the  changes  required  to  alter  the  character¬ 
istics  of  the  boundary  layer  winds  in  a  more  realistic  model,  the  storage-trans¬ 
formation  ratios  obtained  in  Section  J.3.0  may  be  used  in  conjunction  with  mean 
wind  speed  estimates.  These  indicate  that  for  wind  speeds  of  tens  ux  meters  per 
second,  the  surface  characteristics  would  have  to  be  changed  over  upwind  fetches 
of  1-10  km  if  modification  up  to  levels  of  50  m  is  desired,  and  over  fetches  of  a 
few  tens  to  a  few  hundred  km  if  modification  up  to  gradient  levels  is  desired. 

These  surface-radiation al  property  changes,  if  temporary,  would  have  to  be 
maintained  or  a  few  hours.  Some  permanent  changes  have  been  investigated  in 
connection  with  small  area  modification  of  precipitation,  and  cost  estimates  for 
permanent  blacktopping  are  given  by  Black  and  Tarmy  [14]  as  $48,000  per  square 
kilometer. 

J.4.2.2  Modification  of  Sea  Surface  Characteristics 

The  energy  budget  estimates  in  Fig.  J-2(b)  show  that  the  lower  boundary 
transfer  rate  may  become  considerable  over  water  surfaces.  Modification  of 
the  sea  state  by  procedures  like  those  suggested  in  Appendix  I  [13]  would  certainly 
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result  in  some  modification  of  the  low-level  wind  profile  (up  to  10-100  m).  A 
more  precise  assessment  of  the  amount  of  modification  cannot  be  made  until 
more  precise  evahji&tions  of  natural  transfer  rates  and  the  differences  between 
them  are  available. 

J.4.3  Survey  of  Simulative  and  Predictive  Capabilities 

J.4.3.1  Theoretical 

The  theory  of  planetary  boundary  layer  winds  has  developed  from  the  wind- 
drift  ocean  current  theory  of  Ekman  which  was  applied  to  the  problem  of  the 
atmospheric  boundary- layer  winds  by  Akerblom.  This  theory  formulated  the 
turbulent  viscous  forces  in  terms  of  an  eddy  viscosity  coefficient,  and  then 
proceeded  to  derive  a  solution  for  the  vector  wind  profile  in  the  steady  state, 
for  eddy  viscosity,  geostrophic  wind,  and  density,  all  constant  with  height. 

Similar  solutions  were  obtained  [16]  for  different  lower  boundary  conditions 
on  the  velocity,  corresponding  to  flow  over  the  sea  surface. 

The  resulting  solutions  were  sufficiently  realistic  to  encourage  a  series 
of  studies  of  steady-state  profiles  for  more  complicated  eddy-viscosity  height 
relationships  [17],  [18],  [19],  and  more  recently  for  a  boundary  layer  in  which 
the  geostrophic  wind  varies  with  height  [12].  Time  periodic  solutions  for  the 
boundary  layer  wind  have  been  obtained  by  Ooyama  [1]  for  prescribed  eddy 
viscosity-height-time  relationships.  These  solutions  appeared  to  describe 
satisiactorily  diurnal  wind  velocity  variations. 

Time  varying  solutions  for  boundary  layer  winds  have  been  obtained  by 
Estoque  [20],  for  prescribed  eddy  viscosity  -  stability  -  wind  shear  relation¬ 
ships,  thus  allowing  feedback  between  the  eddy  mixing  process  and  the  pertinent 
gradients.  For  time-constant  overlying  flow  and  horizontally  homogeneous 
conditions,  very  realistic  diurnal  variations  of  wind  and  temperature  are  exhibited 
in  the  solutions.  Further  development  of  the  model  allowed  explicit  inclusion  of 
thermal  exchange  processes  at  the  lower  boundary  [21],  and  tested  the  effects  of 
different  thermal  properties  of  the  lower  boundary  on  boundary  layer  winds  [15]. 
Similar  models  designed  for  applications  in  short-period  forecasting  are  being 
studied  at  The  Travelers  Research  Center,  Inc.  [18],  which  include  greater 


refinement  in  the  modelling  of  turbulent  exchange  and  thermal  heat  budget  at 
the  surface,  and  the  inclusion  of  horizontal  variations. 

Theoretical  models  of  sea  breeze  circulations  have  gone  through  similar 
stages  of  development.  From  steady-state  linear  theories  122],  through  time 
dependent  iinear  models  [23,  24],  to  the  non-linear  models  of  Estoque  [25],  and 
Fisher  [26].  These  latest  might  be  considered  special  cases  of  the  generalized 
boundary  layer  models  described  above,  for  extreme  horizontal  variation  in 
the  lower  boundary  conditions. 

J.4,3.2  Experimental 

Although  successful  laboratory  models  have  been  developed  for  general 
circulation  studies,  and  at  the  other  end  of  the  scale  for  flow  around  buildings, 
there  appears  to  be  no  work  in  modelling  boundary  layer  flow  on  the  inter¬ 
mediate  scales  considered  in  this  survey. 

J.4.4  Research  Required  for  Further  Control  or  Modification  Feasibility 
Assessment 

J.4.4.1  Theoretical 

The  adequacy  of  the  mixing  length  concepts  underlying  the  basic  formula¬ 
tion  given  by  Eq.  (J-2)  has  been  questioned  in  a  recent  survey  of  the  subject  of 
atmospheric  turbulence  [27].  This  indicates  the  ever-present  need  for  alterna¬ 
tive  concepts  in  the  development  of  physical  models  of  atmospheric  flows. 

However,  a  comprehensive  review  of  present  efforts  points  to  a  fruitful 
area  of  study  in  the  refinement  of  available  non-linear  models  and  their 
exploitation  in  determining  magnitudes  of  the  important  energy  transformations, 
and,  furthermore,  in  preliminary  testing  of  suggested  modification  procedures 
on  a  computer,  rather  than  in  the  atmosphere.  Unfortunately,  no  alternative 
physical-mathematical  theory  has  been  carriud  to  the  point  of  even  crudely 
simulating  or  predicting  the  behavior  of  the  atmosphere,  as  observable  at  the 
present  time,  on  the  scales  of  observation  here  considered. 

J.4.4. 2  Observational 

Commensurate  observational  efforts  are  required  to  provide  tests  oi 
physical-mathematical  model  behavior  in  the  absence  of  modification  procedures. 
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Particular  emphasis  on  boundary  layer  wind  structure  over  the  open  oceans 
is  desirable,  as  well  as  further  studies  of  topographic  meso-scale  wind  sys¬ 
tems. 
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K.1.0  GENERAL  DESCRIPTION 

K.1.1  Introduction:  Atmospheric  Turbulence  in  Relation  to  Structural  Damage 

One  of  the  outstanding  characteristics  of  atmospheric  turbulence  is  the 

extremely  wide  range  of  eddy  sizes  from  sub-centimeter  dimensions  through 

4 

nine  orders  of  magnitude  to  the  long  waves  of  the  general  circulation  (10  km). 

Within  this  range,  certain  groups  of  well-organized  eddies  have  been  identified 
and  studied  separately.  Among  these  are  the  frontal  and  thunderstorm  circula¬ 
tions,  coastal,  island,  mountain,  and  valley  wind  systems,  the  cyclones  and  anti¬ 
cyclones  of  middle  and  high  latitudes,  and  the  long  waves  of  the  general  circula¬ 
tion.  Phenomena  of  this  nature  are  excluded  from  the  present  discussion.  Within 
the  context  of  damage  to  structures  by  turbulence,  the  range  of  eddy  sizes  can  be 
further  restricted  by  taking  into  account  the  dimensions  cf  the  structure  or  vehicle 
of  interest.  However,  this  must  be  done  with  caution  because  of  the  cumulative 
effects  due  to  repeated  exposure  to  turbulent  stresses.  Thus  the  degree  of  damage 
sustained  by  a  structure  in  strong  mechanical  turbulence  (say  of  the  order  of  30 
cycles  per  hour)  may  be  related  to  the  fact  that  the  structure  was  subjected  to  a 
strong  frontal  gust  12  hr  earlier  and  hence  frequencies  of  the  order  of  0.1  cycles 
per  hr  are  significant.  The  present  study  will  be  limited  to  turbulence  frequencies 
uf  the  order  of  0.5  cycles  hr  1  or  more  by  setting  aside  the  above  consideration 
with  the  statement  that  the  stress  history  of  the  structure  or  vehicle  should  be 
taken  into  account. 

The  principal  dynamic  effects  of  atmospheric  turbulence  on  structures  have 

been  summarized  by  Davenport  [1].  The  pressure  exerted  by  the  wind  on  a  sfi’ticture 

2 

is  given  approximately  by  p  =  (C/ 2)  pV  where  0  is  a  shape  coefficient,  p  is  air 
density,  and  V  is  wind  velocity.  It  will  be  seen  tHdf:  p  depends  on  the  shape  and 
size  of  the  structure  and  on  the  duration  and  magnitude  of  wind  gtisfs.  The  damage 
due  to  wind  pressure  will  depend  on  these  factors  and  on  the  response  character¬ 
istics  of  the  structure.  Structural  vibrations  maybe  either  self -exceed  or  forced 
and  can  be  particularly  serious  if  resonance  occurs.  Examples  of  self-induced 
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pressure  forces  are  (a)  those  which  result  when  the  structure  moves  in  response 
to  the  wind  in  such  a  way  as  to  increase  the  pressure,  and  (b)  the  crosswind  pres¬ 
sure  forces  that  occur  when  air  flows  around  an  elongated  structure.  The  spectrum 
of  turbulence  is  of  fundamental  importance  since  it  describes  the  linkage  between 
wind  variability  and  the  response  function  of  individual  structures, 

K.1,2  Types 

K.l. 2.1  Mechanical  Turbulence 

The  energy  of  the  turbulence  >s  derived  from  the  kinetic  energy  of  the  mean 
flow,  and  a  net  transfer  of  energy  from  small  to  large  wave  numbers  takes  place 
through  the  action  of  non-linear  inertia  forces.  The  energy  is  ultimately  trans¬ 
formed  to  heat  by  viscous  dissipation  at  very  large  wave  numbers. 

K.l.2.2  Thermal  Turbulence 

The  energy  of  the  turbulence  is  derived  from  the  release  of  potential  energy 

by  the  action  of  buoyancy  forces.  The  energy  at  a  given  wave  number  of  the 

« 

vertical  component  can  he  transferred  to  other  wave  numbers  by  inertia!  forces 
or  distributed  to  the  horizontal  components  by  pressure  forces. 

K.l  .3  Characteristic  Geographical  Extent 

Mechanical  tui'bulenee  is  most  common  in  the  lowest  1000  m  of  the  atmos¬ 
phere  but  may  occur  in  association  with  shear  zones  at  any  height  in  the  troposphere 
and  lower  stratosphere.  Areas  of  strong  vertical  wind  shear  in  the  boundary  layer 
have  characteristic  uimensior.s  of  the  order  of  the  dimensions  of  cyclones  zi  d  anti- 

3 

cyclones  (10  km).  Above  the  boundary  layer,  the  shear  zones  and  areas  of  mech¬ 
anical  turbulence  are  frequently  elongated,  with  longest  dimensions  of  the  order  of 

2  3  2 

10  --j.0  km  and  shortest  dimensions  of  the  order  of  10  ~-10  km. 

The  spatial  extent  of  thermal  turbulence  is  similar  to  that  of  mechanical 

turculer.ee  except  m  the  vertical.  The  characteristic  vertical  extent  of  thermal 

turbulence  varies  with  latitude  and  iron,  land  to  sea,  but  is  probably  of  the  order 

of  half  the  depth  of  the  troposphere. 

K.l. 4  Characteristic  Process  and  Property  Involvement 

The  characteristic  physical  proce  -eg  directly  involved  in  atmospheric 
turbulence  are  the  horizontal  and  vertical  transport  and  eddy  diffusion  of  momentum, 


kinetic  energy,  and  heat.  The  magnitudes  of  these  processes  are  strongly 
influenced  by  the  environmental  properties  of  roughness,  shear  of  the  mean  wind, 
lapse  rate,  and  moisture  if  condensation  takes  place.  In  the  lowest  several 
hundred  meters  of  the  atmosphere,  the  scale  and  energy  of  the  vertical  component 
of  turbulence  are  controlled  by  height  above  the  surface  for  specified  conditions 
of  roughness,  stability,  and  wuid  speed.  The  wave  number  (n)  of  maximum  energy 
at  height  Z  is  specified  rather  well  by  n  =  0.2  z  1  on  the  basis  of  empirical  spectra 
measured  over  a  variety  of  uncomplicated  terrain  (Panofsky  and  Deland,  [2]). 
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K.2.0  ASSESSMENT  OF  GEOPHYSICAL  FORCES 

In  their  simplest  form  for  an  incompressible  inhomogeneous  fluid  the 


Eulerian  equations  of  motion  take  the  form 

V  =  ~  +  \?.VV  =  -V'p  -  aVp  +  Oi\xV2V 
9t 


(K-l) 


where  V  is  the  fluid  velocity  vector,  <p  is  the  gravitational  potential,  a  is  specific 
volume,  p  is  pressure  and  /i  is  the  coefficient  of  molecular  viscosity.  The  effect 
of  the  earth’s  rotation  has  been  neglected  in  Eq.  (K-l)  because  of  scale  limitations 
imposed  previously.  The  viscosity  has  been  assumed  to  be  constant.  The  equa¬ 


tion  of  continuity  takes  the  form 
V.V  =-  0 


(K-2) 


For  air  of  constant  composition  with  no  liquid  or  solid  content  the  equation 
of  state  is  pa  =  RT  where  T  is  temperature  and  R  is  the  appropriate  gas  con¬ 
stant.  The  thermodynamical  energy  equation  takes  the  form 


Q  =  CpT  -  - 


(K-3) 


where  Q  represents  the  rate  of  heat  exchange  per  unit  mass  due  to  nonadiabatic 
processes,  Cp  is  the  specific  heat  at  constant  pressure,  6  is  potential  tempera¬ 
ture,  and  6  is  the  dissipation,  equal  and  opposite  to  the  internal  work  of  friction. 
The  dissipation  is  a  function  of  the  viscosity  coefficient  jx  and  the  space  deriva¬ 
tives  of  the  velocity  field.  The  six  equations  listed  above  represent  a  complete 
system  for  the  evaluation  of  the  unknown  dependent  variables  V,  a,  p,  and  T. 

No  solutions  to  these  equations  are  known  except  in  one  or  two  severely  restricted 
cases  of  homogeneous  turbulence,  for  which  linearization  is  valid  because  the 
turbulent  velocities  are  relatively  small,  or  because  the  time  interval  between 
the  disturbance  and  the  time  of  the  solution  is  so  short  that  i.iertial  effects  can 
be  neglected  (Batchelor,  [3]).  A  model  for  the  study  of  the  non-linear  properties 
of  time-dependent  convection  processes  has  been  proposed  by  Saltzman  [4]. 

In  order  to  discuss  the  forces  involved  in  turbulent  motion,  it  is  useful 
to  consider  t  e  equation  of  motion  for  the  vertical  component  w, 


j  g  2  2  \ 

3w  9w  3w  3w  3p  |  3  V  3  w  d  w  1 

—  +  u  —  +  v  —  +  w  ' —  =  -a  -  -  g  -au  — r  -<  -  +  - 

3t  3x  3v  3z  3z  &  ^12  n  2  „  2  ’ 

\  3x  3y  3z  , 


(K-4) 


Local  vertical  accelerations  are  seen  to  be  the  result  of  the  interaction  of 
inertia  forces,  pressure  gradient  forces,  buoyancy  forces,  and  viscous  forces. 
If  U  and  L  are  characteristic  velocity  and  length  parameters,  the  ratio  of  the 
inertia  forces  to  the  viscous  force  is  the  Reynolds  number  Re  where 


Re  = 


U^T 


U/T  2 

ap  L 


UL 
p  a. 


(K-5) 


If  T  is  a  characteristic  environmental  temperature,  and  AT  is  a  characteristic 


temperature  fluctuation,  the  buoyancy  force  is  of  the  order 


SAT 


The  ratio  of 


buoyancy  forces  to  viscous  forces  is  of  the  order 


r\ 

ATg  L*  =  Gr 
TapU  Re 


(K-6) 


A  T£  L 

where  Gr  is  the  non-dimensional  Grashof  number  G  =  — 0  .  The  Grashof 

r  o>6p.*T 

number  itself  represents  the  ratio  of  inertia  to  buoyancy  forces. 

If  the  governing  equations  are  written  in  smoothed  form  where  smoothing 

is  performed  over  a  fluid  mass  or  fluid  volume,  additional  terms  appear  as  a 

result  of  nonlinear  interactions  between  the  fluctuating  components  of  the 

dependent  variables.  In  particular,  in  the  equations  of  motion,  the  inertia  terms 

yield  new  quantities  capable  of  transporting  momentum  in  the  fluid.  These  terms 

are  called  Reynolds  stresses  and  are  formally  analogous  to  the  viscous  stress 

terms.  In  almost  all  atmospheric  applications,  the  Reynolds  stresses  greatly 

exceed  the  viscous  stresses  in  magnitude,  and  as  a  result  the  Reynolds  number 

as  defined  in  Eq.  (K-  5)  greatly  exceeds  unity.  For  order  of  magnitude  estimates 

of  eddy  forces,  it  is  useful  to  introduce  the  exchange-coefficient  hypothesis  which 

~r — I 

postulates  that  terms  of  the  form  -  p  X  u  representing  the  eddy  transfer  of 
X  can  be  written  as  the  product  of  an  exchange  coefficient  A  and  the  gradient  of 
X.  If  on  the  basis  of  empirical  findings  we  neglect  viscous  transport  compared 
with  eddy  transport,  the  previous  estimates  of  the  relative  importance  of  viscous, 
buoyancy,  and  inertia  forces  can  be  adapted  to  problems  in  the  atmosphere  by 
replacing  p  with  A  in  all  equations .  In  fully  developed  turbulent  flow  in  air  layers 
near  the  earth’s  surface,  the  eddy  exchange  coefficient  for  momentum  K  =  A  a 
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is  commonly  of  the 

~1  2  -]  , 
10  cm  sec  for 


3  5  2  -1 

order  of  10  -10  cm  see  ,  in  contrast  to  a  value  of 
the  kinematic  viscosity  2  =  not  (Sutton,  [5]}. 


K.3.0 _ ASSESSMENT  OF  GEOPHYSICAL  ENERGIES 


K.3.1  The  Energy  Budget 

The  production  and  flow  of  turbulent  energy  has  been  described  by  Stewart 
[6],  who  derived  the  equations  below  for  atmospheric  shear  flow  near  the  earth’s 
surface.  In  these  equations  the  x  axis  is  taken  in  the  direction  of  the  mean  flow 
U,  and  the  z  axis  is  vertical.  Terms  involving  redistribution  of  the  fluctuating 
quantities  in  space  and  triple  products  of  velocity  fluctuations,  specific  volume 
fluctuations,  and  pressure  gradient  fluctuations  have  been  neglected.  The 
equations  are 


~T~  ~  2®  +  2UW  ~  +  M 

8t  3x  dz 

^2 , 2a  v®  +  M 

at  ay 


— —  -  =  2a  w~^  +  ~  g  aw  +  M 
9t  3z  a  ° 


-9uw  _  Bp  9p  g  __  ^  du 

=  a  u-*  +  w~  +  *T2u  +  w  —  +  M 

at  az  w  dz 


(K-7) 


(K-6\ 


(K-9) 

(K-10) 


da 


8t  9z  7,  a  w  dz 


(K-ll) 


-da  d<y 

-  aw  —  +  M 
8t  dz 


(K-12) 


Following  Stewart,  the  effects  of  wind  shear  can  be  described  as  follows; 

~2  _ 

the  existence  of  w  in  a  shear  flow  leads  to  the  production  of  uw  which  in  turn 

permits  the  production  of  u  from  the  mean  flow.  In  the  absence  of  buoyancy  forces 

suppression  of  w,  will  destroy  all  turbulence.  Terms  involving  the  pressure 

gradient  serve  to  distribute  the  turbulent  energy  among  the  three  components. 

“2 

The  production  of  turbulent  energy  by  buoyancy  forces  occurs  only  in  the  w  equa¬ 
tion.  In  the  three  energy  balance  equations,  the  molecular  terms  M  represent 
energy  sinks  due  to  viscosity.  The  flux  Richardson  number  R^.,  equal  to 


=  ^/aow, 
f  uw  du/dz  ’ 


(K— 13) 


provides  a  measure  of  the  restive  importance  of  the  production  of  turbulent 


energy  bv  buoyancy  forces  to  that  produced  by  the  mean  flow.  In  terms  of  the 
exchange  coefficient  hypothesis 


-  uw  -  K._du/dz 

M 

-  aw  =  K„  da/dz 

ri 

where  K  is  the  eddy  exchange  coefficient  for  heat 
H 

Eq.  (K-13) 


(K-14V 


Substituting  Eq.  (K-14)  in 


R 


g  a  da  /dz  KH 
(du/dz)^ 


=  R. 


H 

M 


(K-15) 


where  P  is  the  gradient  Richardson  number  (Priestley,  [7],  p.  9). 

A 

The  energy  balance  equation  for  the  total  energy  of  the  turbuience  be 
obtained  by  summing  Eqs.  (K-7),  (K-8),  and  (K-9).  By  introducing  certain 
hypotheses  about  the  decay  rate  of  turbulent  energy,  Ellison  [8]  and  Townsend 
[9]  were  able  to  derive  expressions  for  which  provide  insight  on  the 

critical  value  of  the  Richardson  number.  Ellison’s  equation  took  the  following 
form: 

~2 

u+v+w  —  du  — 

- 2T - +  uw  dte  +  Wpg  =  °  (K_16) 

where  l/T  is  the  rate  of  decay  of  turbulent  energy  in  the  absence  of  production 
terms.  Although  Eq.  (K-1G)  provides  a  basis  for  a  schematic  energy  budget  dia¬ 
gram  (Fig.  K-i),  meaningful  numerical  estimates  of  each  component  will  require 
improved  theoretical  knowledge  of  the  quantities  T,  uw,  and  wp. 


K.3.2  Instabilities 

The  principal  critical  point  in  atmospheric  turbulence  may  be  approximately 
described  as  the  point  at  which  the  production  of  turbulent  energy  from  the  mean 
flow  just  balances  the  consumption  of  turbulent  energy  by  buoyancy  and  viscous 
forces.  Although  many  studies  of  the  stability  of  motion  in  the  presence  of  a 
density  gradient  have  been  carried  out,  considerable  uncertainty  remains.  The 
work  of  Townsend  (9)  leads  to  a  critical  value  of  0.5  for  the  flux  Richardson 
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Fig.  K-l.  Schematic  energy  budget. 


number,  while  that  of  Ellison  [8]  leads  to  a  value  of  about  0.15.  These  relatively 
low  values  are  attributed  to  the  fact  that  on  the  average  only  about  1/ 6  of  the 
turbulent  energy  is  contained  in  the  vertical  component  which  is  the  only  com¬ 
ponent  directly  affected  by  buoyancy  forces  [6].  The  problem  is  complicated  by 
the  presence  of  internal  gravity  waves  at  large  staoilities  Batchelor  [1  Oj. 

Experimental  measurements  of  the  critical  flux  Richaroiion  number  are  ::oc 
sufficiently  precise  to  check  the  preceding  theoretical  predictions.  It  is  possible 
that  some  of  the  observed  variations  are  due  to  ditferences  in  the  nature  of  the 
surface  (Sutton  [5]). 


K.4.0  MODIFICATION  OR  CONTROL  FEASIBILITY 


K.4.1  Suppression  of  Turbulent  Energy 

The  primary  sources  of  turbulent  energy  are  known  to  be  the  kinetic 

energy  of  the  mean  wind  and  the  potential  energy  released  by  buoyancy  forces. 

In  the  context  of  damage  to  structures ,  the  atmosphere  must  be  treated  as  an 

open  system  and  hence  suppression  of  the  mean  wind  or  suppression  of  buoyancy 

forces  will  involve  medium-  to  large-scale  weather  modification.  This  is  probably 

the  least  feasible  possibility  at  the  present  time. 

2 

Since  w  normally  represents  only  about  1/6  of  the  total  turbulent  energy 
and  yet  is  essential  to  the  production  of  turbulent  energy  in  all  components  either 
from  the  mean  wind  or  from  buoyancy  effects,  it  would  appear  reasonable  to  con¬ 
centrate  on  the  suppression  of  this  component.  Unfortunately,  the  presence  of  the 

structure  itself  either  through  its  action  as  a  mechanical  obstruction  or  through 

2 

its  action  as  a  heat  source  tends  to  enhance  w  .  Such  modification  does  not  appear 
to  be  feasible  except  perhaps  in  limited  special  cases. 

K.4.2  Spectrum  Modification 

Modification  or  control  possibilities  may  be  approached  in  two  ways  through 
spectrum  modif.' cation. 

(a)  Alter  the  turbulence  spectrum  in  such  a  way  that  the  pressure  forces 
are  minimued  for  a  given  structure  response  function. 

(b)  .Oesicn  the  structure  so  that  its  response  function  minimizes  pressure 
forces  in  natural  turbulence. 

Within  the  present  state  of  the  art,  it  is  not  possible  to  provide  a  firm 
estimate  of  the  feasibility  of  (a)  since  the  relationships  between  the  spectrum  of 
turbulence  and  parameters  such  as  the  size  and  spacing  of  structures,  structure 
shape,  and  the  thermal  properties  of  structures  art  not  sufficiently  well  known. 
That  significant  relationships  of  this  nature  exist  is  evident  from  a  comparison 
of  continuous  wind  records  near  structures  with  those  at  a  distance. 

Method  (b)  has  been  used  extensively  by  aeronautical  engineers,  but  applica¬ 
tions  to  other  structures  such  as  bridges,  masts,  towers,  and  buildings  have 
lagged. 


2G3 


K.4.3  _  Research  Requireo  for  Further  Control  or  Modification  Feasibility 
Assessment 

Feasibility  assessments  would  be  greatly  improved  by  research  leading  to 
parameterization  of  the  turbulent  transfer  of  heat  and  momentum  in  terms  of  the 
size,  shape,  spacing  and  thermal  properties  of  typical  flow  obstructions.  Such 
information  would  make  possible  quantitative  estimates  of  energy  transfer  and 
transformation  rates  and,  through  numerical  or  truncated  Fourier  series  solutions 
to  the  governing  equations,  would  yield  estimates  of  the  spectrum  of  turbulence  for 
selected  structure  configurations. 
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APPENDIX  L.  CHEMILUMINESCENT  REACTIONS  IN  THE  UPPER  ATMOS¬ 
PHERE*  '“  '.  .  ._ 

L.1.0  INTRODUCTION 

A  large  reservoir  of  monatomic  oxygen  is  known  to  exist  at  altitudes 
above  about  100  km.  Suitable  light-emitting  reactions  using  this  reservoir 
might1,  produce  significant  illumination  of  the  night  sky.  A  promising  reaction 
has  been  proposed  by  Harteck  and  Reeves  [1],  and  used  successfully  [2,  3]  to  mea¬ 
sure  wind  properties  at  these  altitudes  with  small  amounts  of  material.  Rough 
estimates  of  the  amount  of  material  needed  to  produce  significant  illumination 
over  sizable  areas  are  to  be  given  in  this  appendix. 

*By  Joseph  P.  Pandolfo. 


L.2.0  THE  REACTIONS 


The  general  reaction  used  is  the  two  body  reaction*, 

A  f  0  -  AO* 

AO*  —  AC.  +■  hr 

where  A  is  a  metallic  element.  The  emitted  quantum  will  be  ir.  the  form  of  visible 
light  if  the  metallic  oxide  has  a  dissociation  potential  in  the  range  of  about  3—4 
eV  at  upper  atmospheric  temperature  and  pressure. 

The  reaction  proposed  in  [1]  would  utilize  aluminum  as  the  metallic  ele¬ 
ment.  The  dissociation  energy  of  A10  is  approximately  3.75  eV,  which  would 
give  a  spectrum  peaked  at  a  wave-length  of  5000  A  with  significant  emission  be¬ 
tween  about  3800  A  and  7000  A.  This  would  lie  almost  entirely  in  the  visible  and 
near-infrared  positions  of  the  electromagnetic  spectrum.  Furthermore,  Harteck 
and  Reeves  [1]  point  out  the  possibility  of  cyclical  reactions  involving  aluminum 
which  would  increase  the  total  quantum  yield  per  molecule  of  material  used. 

The  reaction  suggested  would  be 
1)  A1  +  0  -  A10  +  hv, 
then  either; 

2a)  A10  +  9  —  A1  +  02 
and  repetition  of  1)  until  0  atoms  are  exhausted,  or, 

2b)  A10  +  0  —  A10  +  hi> 

or  possibly, 


*A  theoretical  objection  to  the  reaction  given  is  that  quantum-mechanical  theory 
requires  the  presence  of  a  third  particle  for  the  reaction  to  proceed,  i.e  , 

A  +  0  +  X  —  A0*  +  X,  A0*  — *•  A0  +  hy 

The  most  probable  number  of  three  body  collisions  (per  particle  per  sec)  at  a 
pressure  of  10-6  atmospheres  is  of  order  5  X  10-7  to  5  X  10-6.  On  the  other 
hand,  the  number  of  two  body  collisions  is  of  order  5  X  10^  per  particle  per  sec. 
The  results  reported  in  [2]  and  [3]  indicate  that  the  reaction  that  took  place  must 
have  involved  two  particles  only,  based  on  the  ratio  of  energy  released  to  material 
used. 
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2c)  A10  +  0  —  AlO  +  0 
2*  2* 

and  repetition  of  2b)  until  0  atoms  are  exhausted. 

The  chain  reactions  proceeding  through  2a)  and  2c)  would  give  a  longer 
duration,  of  illuminated  sky.  If  2c)  dees  not  occur  under  the  environmental  con¬ 
ditions  encountered,  the  duration  of  illuminated  sky  would  depend  on  the  relative 
reaction  rates  of  2a)  and  2b). 

For  several  reasons  it  is  suggested  [1]  that  the  metal  be  introduced  into 
the  higher  atmosphere  in  the  form  of  metal-organic  compounds,  or  volatile  in¬ 
organic  compounds.  The  yield  of  metallic  ions  by  evaporation  from  a  volatile 
compound  is  generally  much  greater  than  by  evaporation  from  the  bulk  metal  it¬ 
self.  The  experiments  reported  in  [2]  and  [3]  used  a  small  amount  of  trimeihyl 
aluminum  (TMA)  as  the  source  of  aluminum  atoms.  This  compound  has  several 
desirable  properties,  being  an  inexpensive  volatile  liquid  which  dissociates 
readily,  once  vaporized.  In  [3]  it  was  estimated  that  about  40%  vapor  and  60% 
solid  would  have  been  produced  upon  release  from  a  container  at  the  pre-launch 
temperature. 
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L.3.0  THE  MONATOMIC  OXYGEN  RESERVOIR 

Assuming  an  unlimited  source  of  aluminum  atoms,  the  maximum  light 
energy  attainable  is  determined  by  the  amount  of  monatomic  oxygen  available  in 
the  region  of  release.  An  estimate  of  the  reservoir  may  be  obtained  by  the  fol¬ 
lowing  calculations. 

_ 0  13 

At  10  atmospheres,  the  particle  density  is  about  2.5  X  10  parti¬ 
cles  cm 

A  conservative  estimate  is  that  under  night-time  conditions,  20  per 
cent  of  these  are  oxygen  atoms  giving  a  montomic  oxygen  density  of 

12  -3 

5  X  10  atoms  cm  . 

For  a  layer  10  km  deep  the  number  of  atoms  in  a  unit  cross  section 
18  -2 

would  then  be  5  X  10  atoms  cm 

If  TMA  is  the  source  material  for  aluminum,  the  preliminary  reaction 
A!  [CH3]3  —  A1  +  3CO  +  4-1/2  H20 

must  take  place  for  each  aluminum  atom  supplied  to  the  reactions  1)  to  2).  Tl_is 
means  that  frr  each  quantum  released  in  reaction  1),  8-1/2  [0]  are  used;  and  for 
each  quantum  released  in  reaction  2b),  9-1/2  [0]  are  needed.  Therefore,  less 
than  10  [0]  atoms  are  needed  per  quantum  of  light  emitted.  Assuming  sufficient 
aluminum,  the  total  number  of  quanta  emitted  per  unit  toss  section  of  sky  would 
be  of  the  order  of  but  greater  than 

17  ~9 

5  X  10  hv  cm  . 

This  is  the  equivalent  of  about  5  sec  at  sunlight  intensity,  or  10  hrs  at  500 
times  full  moon  intensity  from  a.  unit  radiating  area. 
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L.4.0  ESTIMATE  OF  TMS  AMOUNTS  REQUIRED 

The  number  N  of  aluminum  atoms  required  at  an  altitude  of  100-120  km 
-1  -2 

to  produce  P  quanta  sec  cm  from  an  area  of  sky  L  on  a.  side  may  be  estimated 


f  ft 


:  o 


10  2 
N  =  10  P  r  LT 

where  r  is  the  mean  interval  between  light  emissions  (sec  per  quantum),  r 

depends  on  the  rate  constant  for  the  light-emitting  reaction,  and  may  be  roughly 
2 

estimated  at  10  sec  quantum  from  the  qualitative  results  reported  by  Rosen¬ 
berg  et  al.  (21. 

With  this  estimate  for  r,  the  number  of  aluminum  atoms  required  to 
12  2 

yield  10  quanta  per  cm  sec  (i.e.,  10  times  full  moon  intensity)  from  an  area 
of  sky  100  km  on  a  aide  would  be 

28 

N  =  10"1  Al  atoms. 

7.2  tons  of  TMA  would  contain  6  times  this  number  of  aluminum  atoms. 
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L.5.0  FURTHER  RESEARCH  REQUIRED 

The  duration  of  illuminated  sky  cannot  be  predicted  until  more  is  known 
about  the  relative  reaction  rates  of  2a),  2b),  and  2c),  and  the  effective  rate  of 
the  combined  reactions  at  120  km  environmental  temperatures  and  pressures. 

For  example,  the  reaction  2c)  will  only  occur  if  the  dissociation  energy  used  in 
the  conversion 

A10  — -A10  +  0 

is  less  than  the  recombination  energy  given  off  by  the  reaction 
0  +  0  — *-  0  ,  i.e.,  117  k  cal  per  gm  mol  wt. 

This  is  unknown  as  yet. 

If  the  reaction  proceeded  directly  from  1)  to  2b),  the  illumination  produced 
in  the  numerical  example  given  above  and  at  the  reaction  rate  quoted  would  per¬ 
sist  for  a  duration  of  the  order  of  100  sec,  at  a  conservative  estimate.  If  either 
of  the  cyclical  reactions  2a)  or  2c)  occur  to  any  significant  extent,  the  duration 

would  increase  from  this  minimum  to  an  easily  conceivable  upper  limit  of  sev- 

-4 

eral  hours.  The  dispersal  of  10  times  the  amount  of  material  quoted  in  our 
example  over  an  effective  area  5  km  on  a  side  produced  a  photographable  cloud 
at  700  sec  after  release  [3]. 
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For  moist  air  the  index  of  refraction  n,  for  wavelengths  greater  than 
2  cm,  is  given  by  Batton  [1]: 

.  (n-1)  106  =  N  =  ~  (p  -  |  +  ).  (M— 12) 


Here  p  is  the  atmospheric  pressure  in  millibars,  e  is  the  vapor  pressure  in 
millibars,  and  T  is  the  temperature  in  degrees  absolute.  Near  the  earth  ’s 
surface,  a  typical  value  for  n  is  about  1.0003,  and  in  a  standard  atmosphere 


~  «  -4  X  10"8  m"1.  (M— 13) 

an 

Denoting  the  angle  to  the  local  horizon  by  0,  Appleton  [10]  has  shown  that 
2  0  2  h 

a  T  "  i+n)'(5+no)“(M'Mc)1°6  •  (M-14) 

Here  0^  is  the  angle  of  the  transmitted  signal  to  the  local  horizon  at  the  source 

(i.e.,  at  the  radar)  at  a  height  h  ,  and  0  is  the  angle  the  beam  makes  with  the 

"  li  6 

horizon  when  at  a  height  h  above  the  ground.  The  quantity  M  =  [—  +  (n  -1)]  10  , 

where  R  is  the  radius  of  the  earth,  is  called  the  modified  index  of  refraction. 

The  path  followed  by  a  given  beam  depends  upon  the  var.ation  of  M  with  height 
through  Eq.  (M-14).  A  concave  bending  of  the  beam  will  occur  for  M<MQ,  as 
in  this  case  0  will  be  less  than  0Q.  In  these  cases,  rays  starting  out  at 
sufiiciently  small  angles  to  the  horizon  will  be  bent  back  down  to  the  earth. 

In  such  a  case,  part  of  the  waves  are  trapped  and  a  duct  is  said  to  exist.  With¬ 
in  the  confines  of  a  ducting  layer,  the  radio  waves  are  stronger  than  in  adjacent 
regions. 

For  any  given  di.  .ribution  of  M  with  height,  there  exists  a  maximum  value 
of  0q  for  which  trapping  may  occur.  This  is  obtained  by  setting  0  =  0  in 
Eq.  (M-14).  giving 

(0,)  =  [2(M  ~M  .  )l(f6]1/2  (M-15) 

v  0  max  1  '  0  mm  v  ' 

A  typical  value  of  (0  )  is  approximai ely  0.2°. 
u  max 

Ducts  are  most  commonly  produced  by  the  following  meteorological 
conditions: 
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be  small-particle  Rayleigh  scattering,  or  large-particle  Mie  scattering.  Certain 
combinations  of  particle  size  and  wavelength  are  possible  (and  indeed  quite 
common)  such  as  to  throw  that  portion  of  the  scattering  into  the  realm  of  geo¬ 
metrical  optics.  The  scattering  of  visible  and  near  infrared  radiation  by 
precipitation  particles  falls  into  this  category.  Special  conditions  giving  rise  r.o 
aurora  and  airglow  within  specific  atmospheric  layers  result  in  spectral  emissions 
negligible  within  the  troposphere.  Lightning  flashes  result  in  abnormal  emissions 
within  the  troposphere.  Absorption  bands,  particularly  in  the  ultraviolet  region, 
are  present  in  the  high  atmosphere  above  about  20  km,  but  because  of  differences 
in  the  physical  structure  of  the  atmosphere,  are  absent  in  lower  levels.  Similarly, 
the  behavior  of  microwaves  and  radio  waves  within  or  impinging  upon  the  ionos¬ 
pheric  regions  is  quite  different  from  the  behavior  of  waves  propagating  through 
lower  levels. 

It  is  therefore  quite  obvious  that  a  diecussion  of  the  many  and  varied 
problems  of  electromagnetic  propagation  is  a  subject  for  a  complete  study  in 
itself.  For  this  reason  the  remainder  of  this  report  will  be  limited  to  certain 
aspects  of  microwave  propagation  through  the  troposphere.  The  geophysical 
phenomenon  will  be  considered  to  be  the  atmospheric  environment  through 
which  the  waves  are  propagating. 

M.l.1.5  Characteristic  Geographical  Extent 

Microwaves  are  normally  used  over  ranges  from  about  10-500  km  Thos 
environmental  properties  of  importance,  discussed  in  the  next  section,  may 
extend  over  all  or  part  of  this  distance. 

M.l-2  Characteristic  Process  and  Property  Involvement 

M. 1.2,1  Emission 

Emission  of  microwaves  by  the  atmosphere  is  completely  negligible,  the 
source  for  such  waves  being  man-made  in  all  cases.  Therefore,  atmospheric 
factors  effecting  the  emission  of  such  waves  will  not  he  considered. 


273 


f 


l 


M. 1.2.2  Absorption 

Microwaves  are  absorbed  principally  by  precipitation  and  cloud  particles; 
water  vapor,  and  oxygen  The  amount  of  absorption  is  temperature  dependent 
as  well  as  wavelength  dependent.  Further,  the  amount  of  absorption  is  strongly 
dependent  upon  the  size  distribution,  number,  and  physical  state  (liquid  or 
frozen)  of  cloud  and  precipitation  particles. 

M.l.2.3  Scattering 

Other  than  refractive  effects  described  below,  cloud  and  precipitation 
particles  are  responsible  for  most  microwave  scattering.  Heavy  concentrations 
of  atmospheric  contaminants  (such  as  in  dust  storms)  may  at  times  cause 
appreciable  scattering. 

M.  1.2.4  Refraction 

Molecular  scattering  by  dry  air  and  water  vapor  gives  rise  to  refraction 
effects  which  may  be  of  considerable  importance  in  discussing  the  propagation 
of  microwaves  The  amount  of  refractive  bending  is  a  function  of  atmospheric 
pressure,  temperature,  and  water  vapor  content. 
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M.2.0  ASSESSMENT  OF  METEOROLOGICAL  FACTORS 


M.2.1  Factors  Influe.ich: g  Absorption  and  Scattering 

Following  Battan  [1],  the  returned  or  back-scattered  power,  P  ,  from  a 
target  at  a  distance  r,  is. given  to  a  high  degree  of  approximation  by 

rr 


P  =■  P  e 
r  ro 


-2oJ 


*r 


dr 


(M— 1) 


where  is  the  power  which  would  be  received  in  the  absence  of  attenuation, 
and  K_,  is  the  total  volume  attenuation  coefficient.  For  a  given  radar  set,  P 
is  a  function  of  the  range  r,  and  the  back-scattering  or  reflecting  properties 
of  the  target.  Target  properties  will  not  be  considered  here.  Equation  (M-l) 
may  be  re-written  as 


p  rr 

10  log  —  =  -2  X  4.343  J  K^,  dr  .  (M-2) 

ro  v  1 

The  lefthand  side  of  Eq.  (M-2)  expresses  the  reduction  of  P^  in  decibels  and 
the  volume  attenuation  coefficient  is  expressed  in  decibels  per  unit  length.  The 
attenuation  coefficient  K_  may  be  written  as 


Kr  =  V 


V 

v  n. 


Q, 


Ti 


(M-3) 


where  K  is  the  volume  absorption  coefficient  of  the  active  atmospheric  gases 
El 

(oxygen  and  water  vapor),  and  n.  is  the  number  of  particles  of  radius  i,  and  total 
attenuation  cross  -section  Q^.  is  for  a  unit  volume.  T.ie  summation  is  carried 
out  over  a  unit  volume. 


M.2.1.1  The  K  Term 
_ a _ 

Water  vapor  has  a  resonance  absorption  line  centered  at  about  A.  =  1.3  cm. 
This  line  is  considerably  broadened  at  atmospheric  pressures  and,  furtner,  is 
emperature  dependent.  Oxygen  has  several  lines  which  give  rise  to  peak  absorp¬ 
tions  somewhat  below  \  =  1  cm,  and  which  decrease  rapidly  at  first,  and  then 
more  slowly  throughout  the  cm  wavelength  region.  Theoretical  studies  of  the 
attenuation  coefficients  by  Van  Vleck  [2,  3]  show  that  for  T  -  20°C, 

(oxygen)  «  0.02  db  km  1  (M-4) 
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as  an  average  volue  over  the  cm  range.  Attenuation  by  water  vapor,  besides 
being  strongly  wavelength  dependent,  varies  with  the  water  vapor  content  of  the 

_3 

atmosphere.  Values  computed  by  Van  Vleck  [2,  3]  for  7.5  gm  m  of  water 
vapor  and  T  =  20°C  are  as  follows: 

A  =  1.3  cm;  K  (H  O  vapor)  »  0.2  db  km  1 

X  ^ 

A  =  2.0  cm;  K  (H  O  vapor)  ~  0.01  db  km  *  (M-5) 

I 

A  =  4.0  cm;  (HgO  vapor)  ~  0.001  db  km  1 

These  values  are  somewhat  temperature  dependent.  According  to  Ryde  [4],  they 
will  be  increased  by  about  60  percent  at  T  =  -'*0°C  and  decreased  by  about  12  per¬ 
cent  at  T  =  40°C.  These  results  indicate  that,  for  most  purposes,  the  effect  of 
attenuation  by  atmospheric  gases  ic  negligible  at  wavelengths  longer  than  about 
2.0  cm.  For  this  reason,  most  radar  sets  in  operation  today  are  at  wavelengths 
3.0  cm  or  greater. 

M.2...2  The  ^  n.  Q_,.  Term 
_ l  l  Ti _ 

This  term  arises  from  the  presence  of  cl.  precipitation  particles , 

As  such,  it  is  highly  variable  in  both  time  and  space.  Assuming  these  particles 
to  be  spherical,  QT  may  be  computed  from  the  Rayleigh  or  Mie  scattering 
equations,  depending  upon  the  ratio  of  sphere  circumference  to  wavelength  of 
incident  radiation.  The  results  are  dependent  upon  wavelength,  drop  radius  (a), 
and  the  complex  index  of  refraction  which  is  itself  a  function  of  wavelength  and 
temperature. 

The  total  attenuation  cross-section,  Q^,  is  given  by 

Qt  =  qa  +  Qs  (M~6) 

where  Q.  and  Q  are  the  absorption  and  scattering  cross-sections,  respectively 
A  o 

2  7f£ 

For  values  of  a  (=  — )  less  than  about  0.3,  the  Rayleigh  laws  hold  to  a  high 

A 

degree  of  approximation,  and 
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where  m  is  the  complex  index  of  refraction  of  the  particle.  O  -sr  the  microwave 
region  cloud  particles  and  most  precipitation  particles  are  small  enough  for 
these  formulas  to  apply.  Further,  it  has  been  demonstrated  by  Atlas,  Kerker, 
and  Hitschfeld  [5]  that  the  shape  factor  for  small  frozen  particles  is  relatively 
unimportant  and  therefore  Eqs.  (M-7)  and  (M-8)  are  reasonably  accurate.  For 
larger  particles,  the  more  complex  Mie  equations  must  be  used.  These  equations 
are  functions  of  the  same  variables  that  appear  in  Eqs.  (M-7)  and(M— 8),  but 
the  dependencies  are  much  more  complex. 

It  is  evident  from  these  equations  that  for  a  «  1,  »  Qg.  This 

condition  is  met  for  cloud  droplets,  and 
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where  M  =  —  ir  p  L  n.  a.  ,  and  p  is  the  density  of  the  droplet  substance 

(i.e.,  water  or  ice).  Thus,  for  cloud  particles,  the  attenuation  is  a  function  of 

the  total  water  or  ice  content  M  and  not  of  the  drop  size  distribution  per  se.  Some 

values  of  the  term  4.343  n.  Q  .,  computed  by  Gunn  and  East  [6],  are  given 

1  1  -I  1  -1  -3 

in  Table  M-l,  in  units  of  db  km  gm  M  . 

The  decrease  in  attenuation  with  increasing  wavelength  is  such  that  for 

wavelengths  greater  than  5  cm,  attenuation  by  clouds  is  negligible. 

The  simplified  expressions,  Eqs.  (M-7)  and  (M-8),  are  not  valid  for  the 

larger  size  particles  associated  with  precipitation,  and  the  complete  Mie  equations 

must  be  used.  Figure  M-l  shows  results  for  the  normalized  total  attenuation 

Qt 

,  ross-section  ov,  (=  7— )  as  a  function  of  a.  The  curve  for  ice  was  taken  from 
i  25ra 

Herman  and  Battan  {7]  while  the  curve  for  water  is  from  Herman,  Brownirtg, 
and  Battan  [8].  These  curves  show  that  the  attenuation  from  the  larger  size 
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TABLE  M-l  1-13 

ATTENUATION  COEFFICIENT  IN  CLOUDS  IN  Db  Km"1  Gm 


Temperature 

Wavelength  (cm) 

°C 

1.24 

3.2 

Water 

20 

0.311 

.  010483 

Cloud 

0 

0.532 

0.0S58 

-8 

0.684 

-3 

0.112 

-3 

Ice 

0 

6.35  X  10 

2.46  X  10 

Cloud 

-20 

_ 

1.34  X  10"3 
_____ 

5.63  X  10"4 

(large  a)  particles  is  a  rather  complicated  function.  Nevertheless,  Hitschfeld 
and  Bordon  [9]  have  shown  empirically  that  the  attenuation  from  rain  may  be 
expressed  simply  as 

K  =  Ry  (M— 11) 

_  1 

where  K  is  the  attenuation  in  db  km  J"  and  R  is  the  rainfall  rate  expressed 

P-1 

in  mm  hr  .  Values  of  and  y  have  been  determined  by  Gunn  and  East  [6]. 

These  are  given  in  Table  M-2. 


TABLE  M— 2  - 

VALUES  OF  K  AND  y  WHEN  R  IS  IN  mm  hr  AND 

St 

RANGE  IS  IN  km 


Wavelength  (cm) 

0.9 

3.2 

10 

K2 

0.22 

0.0074 

0.0003 

r 

1.00 

1.31 

1.00 

The  decrease  of  K  with  increasing  wavelength  is  a  result  of  shifting  the 

St 

entire  drop  size  distribution  toward  smaller  values  of  a.  From  Fig.  M— 1,  it 
can  be  seen  that  for  values  of  a  ^  1.0  (for  water  drops),  the  normalized 
attenuation  coefficient  drops  rather  rapidly.  The  values  of  cr,^  for  ice  would 
be  applicable  for  attenuation  through  hail,  sleet,  freezing  rain,  and  possibly 
such  relatively  rare  precipitation  forms  as  graupel  snow  pellets,  etc.  Little 
is  known  about  attenuation  by  snow,  and  it  will  not  be  considered  here. 
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For  moist  air  the  index  of  refraction  n,  for  wavelengths  greater  than 
2  cm,  is  given  by  Batton  [1]: 

#  , %  , „  79  .  e  ,  4800  C .  ...  , .. 

.  (n-1)  10  =  N  =  —  (p  -  ^  +  — - —  ).  (M— 12) 


Here  p  is  the  atmospheric  pressure  in  millibars,  e  is  the  vapor  pressure  in 
millibars,  and  T  is  the  temperature  in  degrees  absolute.  Near  the  earth  ’s 
surface,  a  typical  value  for  n  is  about  1.0003,  and  in  a  standard  atmosphere 


X  K  '4X  10"8  m"1.  (M— 13) 

dh 

Demoting  the  angle  to  the  local  horizon  by  0,  Appleton  [10]  has  shown  that 
2  0  2  h 

\ - =  (|  +  n)"(^  +  nQ)  -  (M  -  Mc)  106  .  (M— 14) 

Here  0^  is  the  angle  of  the  transmitted  signal  to  the  local  horizon  at  the  source 

(i.e.,  at  the  radar)  at  a  height  h  ,  and  0  is  the  angle  the  beam  makes  with  the 

"  h  6 

horizon  when  at  a  height  h  above  the  ground.  The  quantity  M  =  [—  +  (n  -1)]  10  , 

where  R  is  the  radius  of  the  earth,  is  called  the  modified  index  of  refraction. 

The  path  followed  by  a  given  beam  depends  upon  the  variation  of  M  with  height 
through  Eq.  (M-14).  A  concave  bending  of  the  beam  will  occur  for  M<MQ,  as 
in  this  case  0  will  be  less  than  0Q.  In  these  cases,  rays  starting  out  at 
sufficiently  small  angles  to  the  horizon  will  be  bent  back  down  to  the  earth. 

In  such  a  case,  part  of  the  waves  are  trapped  and  a  duct  is  said  to  exist.  With¬ 
in  the  confines  of  a  ducting  layer,  the  radio  waves  are  stronger  than  in  adjacent 
regions. 

For  any  given  di..  .ribution  of  M  with  heignt,  there  exists  a  maximum  value 
of  0Q  for  which  trapping  may  occur.  This  is  obtained  by  setting  0  =  0  in 
Eq.  (M-14).  giving 

(0.)  =  [2(M  ~M  .  )10”V/2  (M-15) 

0  max  0  mm  '  < 

A  typical  value  of  (0  )  is  approximately  0.2®. 

0  IxlciX 

Ducts  are  most  commonly  produced  by  the  following  meteorological 
conditions: 
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a.  Nocturnal  radiation  on  clear,  calm  nights,  particularly  with  a  sharp 
decrease  in  moisture  with  height. 

b.  Advection  of  warm,  dry  air  over  cooler  water  causing  increased 
moisture  and  a  decreased  temperature  of  surface  layers. 

c.  Subsidence  extending  to  near  ground  level.  Ducts  are  a  primary 
cause  of  propagation  beyond  the  optical  horizon. 

Table  M-3  summarizes  the  preceeding  discussions. 


TABLE  M-3 

METEOROLOGICAL  FACTORS  OF  IMPORTANCE  FOR 
THE  GIVEN  PROPAGATION  CHARACTERISTICS 


Propagation 

characteristic 

Absorption  by 

atmospheric  gases 

Particle  attenuation 
(a)  small  particles 


(b)  large  particles 


Refraction 


Of  primary 
importance 

Quantity  of  O  and  I^O 
vapor  present 

Physical  state  of  H^O 
content  (i.e.,  liquid  or 
solid);  total  amount  of 
liquid  or  solid  H20. 

Physical  state  01  preci¬ 
pitation  (note  propaga- 
tional  characteristics  of 
frozen  precipitation  not 
adequately  known):  rain¬ 
fall  rate  (or  drop-size 
distribution ) 

Temperature  and  mois¬ 
ture  distribution  with 
height 


Of  secondary 
importance 


Temperature, 

pressure 

Temperature, 
density  of  parti¬ 
cle  substance 

Temperature 


Pressure  change 
with  height 


Factors  of  importance  such  as  wavelength,  emitted  power,  etc.,  which 
are  of  obvious  importance,  but  which  are  not  subject  to  meteorological  control, 
have  not  been  listed  in  Table  M-3. 

The  preceeding  discussion,  and  the  discussion  to  follow,  are  concerned 
primarily  with  cm  wavelengths.  Ac  shorter  wavelengths,  absorption  by  oxygen 
and  water  vapor  become  more  intense  as  does  attenuation  by  cloud  and  precipi¬ 
tation  particles.  At  longer  wavelengths,  the  primary  factor  controlling  propaga¬ 
tion  is  refractive  index  variations,  and  the  discussions  presented  here  dealing 


with  this  factor  are  applicable.  Atmospheric  conditions  giving  rise  to  the 
so-called  “angels”  over  all  wavelengths  are  not  understood  Sufficiently  and 
will  not  be  discussed. 
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M.8.0  MODIFICATION,  OR  CONTROL  FEASIBILITY 

We  will  consider  the  meteorological  factors  listed  as  of  primary  importance 
in  Table  M-3  for  each  of  the  propagation  characteristics. 

M.3.1  Direct  Control  or  Modification 

M.3.1.1  Absorption  by  Atmospheric  Gases 

The  most  likely  approach  here  would  seem  to  be  modification  of  water 
vapor  content  in  the  lowest  levels  of  the  atmosphere.  Experiments  have  been 
performed  which  demonstrate  that  some  degree  of  control  over  evaporation 
from  water  surfaces  may  be  achieved  by  the  spreading  of  films  of  various  sub¬ 
stances  over  the  surface .  Presumably  a  reduction  in  evaporation  rate  would 
lower  the  vapor  content  of  the  lowest  levels  of  the  atmosphere.  Obviously  over 
oceanic  areas  such  techniques  could  be  effective  only  under  calm,  or  nearly 
calm  conditions.  A  reduction  of  vapor  content  along  the  microv ave  path  could 
significantly  lower  attenuation  of  the  shorter  wavelengths  (i.e.,  A.  <  2.0  cm). 

M. 3.1.2  Small  Particle  Attenuation 

The  most  important  factor  to  consider  here  is  the  physical  state  of  the 
attenuating  fog  or  cloud  particles.  For  the  shorter  (cm)  wavelengths,  Table  M-l 
shows  attenuation  (in  db)  to  be  two  to  three  orders  of  magnitude  less  in  ice 
clouds  than  in  water  clouds.  The  rather  normal  occurrence  of  sub-cooled 
clouds  and  fogs  at  below  freezing  temperatures  suggests  the  feasibility  of 
conversion  to  ice  by  introducing  freezing  nuclei  such  as  dry  ice  or  silver 
iodide.  The  research  on  this  subject  need  not  be  reviewed  here. 

M.3.1. 3  Large  Particle  Attenuation 

This  attenuation  is  primarily  caused  by  precipitation  particles,  and 
large  effects  might  be  accomplished  by  changing  the  physical  state  of  the 
particles.  However,  this  requires  relatively  large  changes  in  temperature 
over  enormous  volumes  of  the  atmosphere  and  is  not  considered  feasible  at 
this  time. 

Relatively  large  effects  may  be  realized  by  altering  rainfall  rates  along 
the  range  by  virtue  of  Eq.  (M-3 1).  The  possibilities  for  cloud  seeding  on  this 
phase  are  quite  evident  and  again,  need  not  be  re-evaluated.  The  actual  effects 


produced  by  seeding  are  still  subject  to  considerable  controversy  and  so  cannot 
be  accurately  evaluated  at  this  time. 

M.3.1.4  Refraction 

Ducts  may  be  generated  by  causing  decreasing  values  of  M  with  height, 
as  shown  by  Eqs.  (M-14)  and  (M-15).  Increasing  temperature,  or  decreasing 
vapor  pressure  with  height,  are  the  means  of  accomplishing  this  as  shown  by 
Eq.  (M-12).  Ducts  are,  conversely,  destroyed  by  the  reverse  of  the  above  pro¬ 
cesses.  Large  scale  direct  modifications  of  the  vertical  distribution  of  T  and  C 
over  sufficient  depths  do  not  appear  possible  at  present. 

M.3.2  Indirect  Control 

The  temperature  and  moisture  content  of  the  lowest  atmospheric  levels 
over  oceanic  areas  are  strongly  dependent  upon  sea  surface  temperatures. 
Possible  methods  of  control  over  this  latter  parameter  may  justify  future  in¬ 
vestigation.  The  spreading  of  high  albedo  or  low  albedo  films  over  the  ocean 
surface  could  alter  the  absorption  of  radiation,  both  long-  and  short-wave,  by 
the  oceanic  surface  with  a  consequent  change  of  surface  temperature.  These 
films  may  alter  evaporation  rates  also,  resulting  in  changes  in  evaporative 
heat  losses. 

M.3.3  Predictive  Capabilities 

Most  of  the  meteorological  factors  which  have  been  listed  as  affecting 
propagation  are  routinely  predicted  by  meteorologists.  Therefore  their  pre¬ 
dictive  capabilities  are  quite  well-known  and  will  not  be  considered  further 
here. 
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M.4,0  RESEARCH  REQUIRED  FOR  FURTHER  CONTROL  OR  MODIFICATION 
FEASIBILITY  ASSESSMENT 

M.4.1  Theoretical 

The  effect  of  changes  in  the  drop-size  distribution  of  rain  on  attenuation 
is  a  subject  which  requires  additional  work.  The  necessary  data  for  the 
theoretical  calculations  are  available,  thus  these  calculations  could  be  made. 
However,  belter  values  of  actual  drop-size  distributions  are  needed,  as  well 
as  an  understanding  of  how  these  distributions  may  be  altered  by  processes  such 
as  seeding. 

Studies  on  the  effect  of  modification  of  the  radiational  and  evaporative 
characteristics  of  the  sea  surface  on  the  temperature  and  moisture  distribution 
of  the  atmosphere  are  required.  Such  studies  will  be  valuable  in  determining 
the  feasibility  of  modifying  ducting  conditions. 

Little  is  known  of  the  attenuating  properties  of  snow,  or  other  non-spherical 
particles.  Conditions  giving  rise  to  “angels”  are  poorly  understood  and  also  in 
need  of  further  work.  “Angel”  phenomena  are  at  times  capable  of  causing  consider¬ 
able  effect  on  propagational  characteristics. 

M.4.2  Experimental 

Experimental  evaluation  of  the  overall  effects  of  seeding  techniques  is 
currently  being  conducted  by  a  large  number  of  organizations.  Results  of  these 
studies  will  be  of  significance  for  the  present  work.  Experiments  could  be 
performed  for  the  purpose  of  evaluating  possible  modifying  effects  of  surface 
films  as  described  earlier. 


M.5.0  REFERENCES 

1.  Battan,  L.J.,  Radar  Meteorology,  Chicago:  University  of  Chicago 
Press,  1950. 

2.  Van  Vleck,  J.H.,  Radiation  Laboratory  Report,  No.  43-2,  Mass.  Inst,  of 
Tech.,  1942. 

3.  - ,  Radiation  Laboratory  Report,  No.  664,  Mass.  Inst,  of  Tech., 

1945. 

4.  Ryde,  J.W.,  “Attenuation  and  Radar  Echoes  Produced  at  Centimetre 
Wavelengths,”  Meteorological  Factors  in  Radio-Wave  Propagation.  London:  The 
Physical  Society,  1946. 

5.  Atlas,  D.,  M.  Kerker,  and  W.  Hitschfeld,  “Scattering  and  Attenuation 
by  Ncn-sphcrical  Atmospheric  Particles,”  J.  Atm.  Terr.  Phys.  Ill,  108-119,  1953. 

6.  Gunn,  K.L.S.,  and  T.W.R.  East,  “The  Micro-wave  Properties  of 
Precipitation  Particles,”  Quart.  J.  Roy.  Met.  Soc.  LXXX,  522-545,  1954. 

7.  Herman,  B.M.,  and  L.J.  Battan,  “Calculations  of  the  Total  Attenuation 
and  Angular  Scatter  of  Ice  Spheres,”  International  Conference  on  Electromagnetic 
Scattering.  London:  Pergamon  Press,  1963. 

8.  - ,  - ,  and  S.R.  Browning,  “Tables  of  Radar  Cross-Sections 

of  Water  Spheres,”  Tech.  Rpt.  9,  Inst,  of  Atmos.  Physics,  Univ.  of  Arizona,  1961. 

9.  Hitschfeld,  W.,  and  J.  Bordan,  “Errors  Inherent  in  the  Radar  Measure¬ 
ment  of  Rainfall  at  Attenuating  Wavelengths,”  J.  Meteorol.  XI,  58-67,  1964. 

10.  Appleton,  E.,  “The  Influence  of  Tropospheric  Conditions  on  Ultra-Short- 
Wave  Propagation,”  Meteorological  Factors  in  Radio-Wave  Propagation.  London: 
The  Physical  Society,  1946. 


286 


APPENDIX  N.  SF \  SURFACE  STATE* 


N.1.0  GENERAL  DESCRIPTION 
N.1.1  Types 

(a)  Ripples  (“cat’s  paw”).  The  energy  input  from  the  wind  field  presumably 
occurs  over  too  short  a  duration  and/or  fetch  to  allow  resonant  or  unstable  wave¬ 
lengths  to  develop  by  nonlinear  transfer  of  wave  energy  from  the  initial  wavelengths 
generated.  Because  the  initial  wavelengths  are  e.iremely  short,  the  rate  of  viscous 
dissipation  soon  approaches,  and  may  even  exceed,  the  rate  of  energy  input  in  the 
area  of  the  generating  wind  field. 

(b)  Growing  sea.  The  energy  input  from  the  wind  field  occurs  over  a  long 
enough  fetch  and/or  duration  for  resonant  or  unstable  wavelengths  to  develop.  Inter¬ 
action  of  these  wavelengths  with  the  wind  field  then  increases  the  rate  of  energy  input. 
The  shorter  wavelengths  reach  saturation  first  (1J.  In  this  state,  the  interaction  of 
these  wavelengths  reach  saturation  first  [1].  In  this  state,  the  combined  dissipative 
effects  of  viscous  dissipation  and  nonlinear  wave  breaking  are  not  enough  to  balance 
the  rate  of  energy  input,  although  they  do  set  an  upper  limit  on  the  maximum  wave 
energy  at  a  given  wavelength. 

(c)  Fully  developed  sea.  Long  enough  wavelengths  are  generated  so  that  the 
rate  of  dissipation  due  to  breaking  (and,  to  a  much  lesser  extent,  to  viscosity)  balances 
the  rate  of  energy  input  at  a  given  wind  speed.  The  wave  spectrum  remains  constant 
in  time.  Empirically  useful  equilibrium  spectra  have  been  tabulated  for  various  wind 
speeds,  fetches,  and  durations  [2], 

(d)  Swell.  The  rate  of  energy  input  decreases  following  the  wave  group,  either 
because  of  horizontal  movement  of  the  waves  out  of  the  generating  area  or  a  decrease 
in  the  wind.  Dispersion  and  preferential  dissipation  of  shorter  wavelengths  tend  to  pro¬ 
duce  a  line  spectrum  near  the  wavelength  of  maximum  energy  density  in  the  fully  devel¬ 
oped  spectrum. 

(e)  Surf.  The  sea  or  swell  enters  an  area  where  solid  boundary  effects  become 
significant.  The  waves  take  on  the  characteristics  of  shallow-water  waves,  and  break¬ 
ing  becomes  the  dominant  energy-transfer  process.  Reflection  of  wave  energy  from 
lateral  boundaries  back  out  of  the  area  may  also  become  significant. 


*By  Joseph  P.  Pandolfo. 


N.1.2  Characteristic  Geographical  Extent 

The  five  types  of  sea  state  vary  considerably  in  geographical  extent: 

(a)  Fields  of  ripples  that  do  not  develop  into  growing  sea  are  generally  of 
from  one  to  hundreds  of  meters  in  extent. 

(b)  The  extent  of  growing  sea  is  limited  to  areas  of  lesser  extent  than  the 
fetch  required  for  full  development,  at  a  given  wind  speed.  Empirically,  this 
would  mean  about  300  miles  for  a  30-knot  wind  [2]. 

(c)  Fully  developed  seas  require  longer  fetch  and  duration  and  are  to  be 
found  in  long-lived  large-scale  wind  systems  like  mid-latitude  winter  storms 
and  the  trade  winds.  They  may  extend  over  distances  of  a  few  hundred  to  a  few 
thousand  miles. 

(d)  Swell  may  extend  for  several  thousand  miles.  It  is  generally  more 
evident,  as  it  travels  through  large  areas  of  relatively  light  wind  in  the  subtropical 
and  equatorial  latitudes. 

(e)  Surf  associated  with  boundary  effects  will  be  confined  to  shallow-water 
areas,  with  depths  of  from  12  to  25  m  in  areas  of  gradual  bottom  slope  and  with 
depths  of  up  to  200  m  in  areas  where  sharp  bottom  slopes  are  evident  [3,  p.  125]. 

N.1.3  Characteristic  Process  and  Property  Involvement 

The  basic  forces  acting  in  each  of  the  five  types  of  sea  state  may  be  classi¬ 
fied  as  driving  forces,  restoring  forces,  and  dissipating  forces,  for  all  the  types 
are  quasi-periodic.  The  typical  primary  forces  that  act  on  each  type  of  sea  state 
are  listed  in  Table  N-l. 

Because  the  driving  forces  are  generally  estimated  in  terms  of  mean  wind 
speeds,  an  important  modifying  factor  to  be  considered  is  the  thermal  stratifica¬ 
tion  of  the  atmospheric  layer  in  contact  with  the  water  surface.  The  magnitudes 
of  both  the  turbulent  shearing  stress  and  the  turbulent  pressure  may  vary  widely 
with  stability  at  a  given  wind  speed.  The  eddy  structure  of  the  turbulent  surface 
wind  is  also  dependent  on  the  stability  of  the  atmospheric  surface  layer. 

Although  capillary  forces  are  not  significant  restoring  forces  in  types  (b), 
(c),  and  (e),  they  are  important  modifying  factors.  This  is  because  the  magnitude 
of  the  driving  and  dissipative  forces  is  signific  ntly  dependent  on  the  presence  and 
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TABLE  N-1 

PRIMARY  FORCES  OF  SEA  STATES 


Sea  state 

Oriving  force 

Restori  'j  force 

Dissipative 

force 

(a)  Rip,  les 

Turbule.-t  wind  pressures 
norma  1  to  1  he  hor i zonta 1 
surface 

S jce  tension, 
g’-  ,vity 

V  i  scos i ty 

(b)  Growing  sea 

Turbulent  wind  pressures 
normal  to  the  wave  surface 

Gravity 

Nonl inear 
breaking, 
v i scos i ty 

(c)  Fully  developed 
sea 

Same  as  (b'. 

Same  as  (b) 

Nonl inear 
breaking 

(d)  Swel 1 

Quas I-per iod ic  water 
pressure 

Same  as  (b) 

Wind  pressure 

(e)  Surf 

Same  as  (b)  and/or  (d) 

Same  as  (b) 

Same  as  (c) 

form  of  the  shortest  waves  composing  the  sea  state,  although  these  waves  contain 
an  insignificant  portion  of  the  total  wave  energy. 

Viscous  forces  are  not  listed  as  primal  y  dissipative  forces  in  types  (b) 
through  (e);  and  they  do  not  appear  to  be  significant  in  general.  However,  the 
presence  cf  floating  solid  contaminants  appears  to  enhance  the  dissipative  mech¬ 
anism  significantly  [3,  p.  139]. 

The  nonlinear  forces  leading  to  breaking  in  type  (e)  appear  to  come  into 
play  primarily  through  the  depth  of  the  water.  However,  as  already  indicated, 
the  bottom  configuration— as  opposed  to  the  absolute  depth— is  observed  to  be  a 
modifying  factor  in  promoting  the  generation  of  surf.  Final  iy,  mean  surface  cur¬ 
rents,  and  the  shears  in  these  currents,  have  been  observed  to  play  an  important 
role  in  modifying  the  sea  state. 

All  sea  states  transport  potential  energy  and  periodic  kinetic  energy  over 
large  horizontal  distances.  They  are  also  effective,  particularly  in  their  turbulent 
or  breaking  phases,  in  the  vertical  transport  across  the  interfaces  of  momentum, 
heat,  salinity,  water  substance,  and  other  atmospheric  and  oceanic  constituents. 

N.1.4  Characteristic  Life  Cycles 

Ripple  fields  generated  by  isolated  eddies  are  characterized  by  lifetimes 
of  from  1  to  10  min. 

The  lifetime  of  a  growing  sea  might  be  defined  as  the  duration  required  for 


full  development  at  a  given  wind  speed  and  unlimited  fetch.  This  would  be  about 
30  hr  for  a  30-knot  wind  and  a  fetch  greater  than  300  naut  mi  [2]. 

Fully  developed  seas  would  be  limited  in  characteristic  life  cycle  only  by 
the  lifetime  of  the  generating  wind  field. 

The  lifetime  of  swell  would  also  be  limited  only  by  the  relative  magnitudes 
of  the  energy-dissipation  rate  and  the  wave  energy— or  the  travel  time  to  the 
coast,  whichever  is  smaller. 
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N.2.0  ASSESSMENT  OF  GEOPHYSICAL  FORCES 


Real  wind-driven  waves  are  neither  irrotational  nor  of  infinitesimal 
amplitude.  However,  the  equations  of  motion  derived  under  these  assumptions 
are  useful  for  order-of-magnitude  force  estimates. 

For  some  interior  point  in  the  fluid,  an  equation  of  motion  may  be  written 


d± 

at 


E  +  gz  =  F(t), 

p 


<N-1> 


where  <f>  is  velocity  potential,  p  is  pressure,  p  is  density,  and  gz  is  the  geopotential. 
The  continuity  equation  is 

=  0.  (N-2) 


At  the  interface  z  =  |  «  0  (|  being  the  vertical  surface  displacement),  the  equa¬ 
tion  takes  the  form 


d± 

at 


z  -0 


and.  by  definition, 


f> 

P 


i(£l 


+  g{, 


(N-3) 


da  !  d| 

at  lz=o  dt’ 


(N-4) 


where  T  is  the  surface  tension.  Equation  (N-l)  will  have  periodic  solutions  if  the 
boundary  conditions  are  Eq.  (N-3)  and  V(p  —  0  as  z  —  °°.  Solutions  for  £  are  of 
the  form 


£  (n,  t)  =  £(t)£cos  kn  (n  =  Tx  +  jy).  (N-5) 

k 

To  assess  the  forces  acting  at  the  interface,  appeal  must  be  made  to  some¬ 
what  speculative  theories  of  wave  generation,  maintenance,  and  growth.  The  latest 
of  these  theories  are  the  most  encouraging,  in  that  they  have  been  least  fully  tested 
against  observation. 

For  ripples,  the  order-of-magnitude  estimate  of  the  mean-square  pres¬ 
sure  fluctuation  is  given  by  Phillips  [4]: 


2  -8  4 

p‘  =  9  X  10  U  . 


(N-6) 


where  p  represents  the  pressure  for-  es  acting  per  unit  area  of  sea  surface.  The 


standard-deviat'on  pressure  fluctuation  would  be 

a  =  3  X  10~4  U2,  {X-7} 

IT 

where  U  is  approximately  the  anemometer- level  wind.  Thus,  for  a  wind  of 
2  m  sec  \ 


c 7 ■  »  12  dynes  cm 


(N-8) 


2  a 

The  order  of  magnitude  of  the  combined  restoring  forces,  pg|  -  T(3  £/3ii  ), 
is  highly  dependent  on  the  wave  form,  which  is  not  too  well  known.  If  the  waves 
are  assumed  to  be  sinusoidal,  extremely  unrealistic  estimates  of  the  magnitudes 
of  these  forces  are  obtained.  Sinusoidal  waves  of  greater  than  O.T-cm  amplitude 
could  not  be  generated  until  the  wind  reached  6  or  7  m  sec  1  [5,  p.  523].  Obviously 
the  spectrum  of  even  the  initially  formed  waves  must  have  enough  components  to 
produce  far  from  sinusoidal  wave  forms  with  much  smaller  restoring  forces  if 
waves  of  realistic  height  are  to  be  generated  with  wind-pressure  forces  as  esti¬ 
mated  above. 

However,  an  estimate  of  the  relative  magnitudes  of  the  restoring  forces  may 
be  obtained  quite  simply  from  Eqs.  (N-3)  and  (N-5)  because 


_ P££ _  a 

T(32^/9n2)  Tk2 

and  because 

2-2  3 
T  ~  10  dynes  cm  g  ~  10  cm  sec 

pg£  =  0.1  T(a2£/3iT2)  for  k  =  10  cm'1, 

pg£  =  1  T(3"^/3n2)  for  k  -  3  cm  \ 

pg|  =  10  T(3  Vsfi2)  for  k  -  1  cm'1. 


(N-9) 


p  ~  1  gm  cm 


(N-10) 


It  is  obvious  that  for  wave  numbers  smaller  than  1  in  10  cm,  the  surface  tension 
is  insignificant  if  considered  purely  as  a  restoring  force. 

For  growing  and  fully  developed  seas,  containing  larger  waves,  the  wind- 
pressure  forces  per  unit  area  of  sea  surface,  as  estimated  by  Stewart  [6]  from 
the  wave  observations  tabulated  by  Groen  and  Dorrstein,  are  approximately  equal 
to  those  given  by  Eq.  (N-7). 
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Equation  (N-7)  would  give  wind  pressures  per  unit  area  of  sea  surface  as 

a  «  2  X  10°  dynes  cm  “  at  U  =  20  m  sec  i.  (N-ll) 

P 

Swell  is  characterized  by  more  purely  sinusoidal  wave  forms  than  those 
appropriate  to  ripples,  growing  sea,  and  fully  developed  sea.  The  periodic 
gravitational  restoring  forces  existing  in  swell  may  be  estimated  on  a  root-mean- 
square  basis.  A  typical  long-crested  swell  might  be  represented  for  order-of- 
magnitude  estimates  by 

2  H  =  350  cm, 

£  =  —  cos  ~  x;  (N-12) 

L  =  8800  cm. 


Then  the  rms  gravitational  restoring  forces  would  be  given  by 


a 


F 


27TX 

L 


d 


/'27rx\ll/2 

rrJJ 


MU  w 

2/2 


5  X  105  dynes  cm  ^ . 


(N-13) 


Order-of- magnitude  force  estimates  for  breaking  surf  are  difficult  to  obtain 

on  an  average  basis.  Measured  values  of  shock  pressures  of  surf  on  vertical 

3  -9 

walls  [3,  p.  .134]  show  values  of  the  order  of  10  dynes  cm  “  per  wave. 
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N.3.0  ASSESSMENT  OF  GEOPHYSICAL  ENERGIES 


N.3.1  Energy  Budgets 

The  energy  budgets  presented  in  Fig.  N-larefor  wave  groups  comprising  the 
sea  state,  except  for  (e)  surf,  where  the  figure  represents  the  energy  budget  for  a 
fixed  shallow-water  area.  (Figure  N-2  gives  numerical  estimates  for  three  selected 
sea  states.) 

Energy-storage  rates  are  given  by  the  formulas  under  the  box  labeled  “Wave 
energy  per  unit  area.”  Energy-transformation  and  -dissipation  rates  in  wave 
energy  per  unit  time  and  unit  area  are  shown  under  the  arrows  and  are  given  by 
formulas  involving  measurable  or  known  quantities  where  possible.  References 
for  the  formulas  are  given  in  the  figure. 

The  energy -transfer  rates  to  the  waves  shown  for  growing  sea,  fully  developed 
sea,  and  swell  are  maximal  estimates  based  on  the  assumption  that  all  the  energy 
transferred  downward  through  the  anemometer  level  goes  directly  into  wave  energy 
at  the  sea  surface  and  only  indirectly  into  mean  currents.  Stewart  [6]  gives  plaus¬ 
ible  arguments  based  on  empirical  data  that  these  maximal  estimates  are  too  large 
by  at  most  a  factor  of  5. 

The  downward  energy  flux  through  anemometer  level  is 

Fe  =  tU,  (N-14) 

where  t  is  the  turbulent  shearing  stress  and  U  is  the  mean  wind  speed.  The  stress 
t  may  be  estimated  from 

T  =  pacdu2>  (N"15) 

_  3 

where  is  given  empirically  as  appi  oximately  10 

N.3.2  Instabilities 

We  may  list  three  critical  points  in  the  life  cycle  of  a  sea  state,  which  involve 
more  or  less  abrupt  changes  in  the  nature  and  rate  of  energy  transfer,  and  con¬ 
sequently  in  the  trend  of  energy-storage  amounts. 

One  such  critical  point  is  identified  in  nature  in  the  transition  from  ripples 
to  growing  sea.  In  the  linear  resonance  theory  of  Phillips  [4],  this  would  cor¬ 
respond  to  a  change  from  time-constant  wave  energy  to  wave  energy  linearly 
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(c)  Fully  developed  sea. 


A  a  Pa(0.12  *  0.18)  CDU 
Same  as  (b).  but  with  A  =  0  and  *  «yT,  F). 


(e)  Surf  (for  a  fixed  location). 


Fig.  N-l.  Sea-state  energy  budgets. 
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Fig.  N-2.  Numerical  estimates  for  selected  sea  states. 
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increasing  in  time  for  a  given  spectrum  of  turbulent  atmospheric -pressure  fluc¬ 
tuations.  Ripples  would  correspond  to  a  system  of  forced  waves  generated  by  any 
turbulent  pressure  distribution,  and  the  transition  to  growing  sea  would  occur  only 
if  turbulent  pressure  fluctuations  exist  whose  wavelengths  and  translation  speeds 
closely  correspond  to  the  wavelengths  and  translation  speeds  of  free  gravity 
waves.  This  theory  must  be  complemented  by  a  linear  instability  theory  of  Miles 
[7]  to  obtain  realistic  rates  of  growth  of  growing  seas.  When  some  wave  components 
have  grown  linearly  in  time  (by  resonance)  to  an  amplitude  at  which  sheltering 
effects  (form  drag)  can  become  effective,  there  is  a  transition  in  the  combined 
theory  from  a  linear  growth  rate  to  an  exponential  growth  rate.  This  transition 
is  not  as  easily  identifiable  in  nature,  but  its  existence  is  required  to  give  any 
correspondence  between  the  combined  linear  theories  and  the  observed  behavior 
of  sea  states,  since  the  sheltering  mechanism  would  take  too  long  to  initiate 
waves,  whereas  the  resonance  mechanism  would  have  them  grow  too  slowly  once 
they  are  initiated. 

A  third,  more  gradual,  transition  is  required  to  a  state  in  which  nonlinear 
energy  transfers  become  important  enough  to  halt  the  exponential  growth  of 
initially  generated  short  waves  and  allow  progressively  longer  waves  to  develop. 

This  state  is  called  “saturation”  by  Phillips  [4],  who  has  derived  the  saturation 
spectrum  on  the  basis  of  dimensional  arguments. 
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N.4.0  MODIFICATION  OR  CONTROL  FEASIBILITY 


3 


| 

f  N.4.1  Energy  Interference 

!  N.4,1.1  Direct 

| 

| 

(a)  Interference  through  wind  speed  or  wind  structure.  The  energy-budget 

I 

charts  suggest  some  direct  interferences,  of  varying  feasibility.  The  most 
obvious,  and  perhaps  the  least  feasible,  is  to  change  the  rate  of  energy  transfer 
to  the  sea  surface  by  changing  the  wind  speed  through  large-scale  weather  modifi¬ 
cation. 

For  ripples,  however,  small-scale  local  modification  of  the  turbulent  pres¬ 
sure  spectrum  is  feasible.  Such  small-scale  modification  may  be  observed  in 
the  generation  of  ripple  fields  to  the  lee  of  obstacles  in  the  wind  flow.  The  wave¬ 
length  distribution  of  the  turbulent  pressure  fields  over  small  areas  (of  the  order 
of  from  50  to  500  m)  could  be  grossly  controlled  by  the  nature  of  the  obstacles. 

(b)  Interference  through  surface-tension  modification.  The  contamination 

of  the  sea  surface  by  oil  films  appears  to  interfere  either  with  the  energy-transfer 
rates  to  the  wave  or  with  the  dissipation  rates  of  the  wave  energy,  or  with  both. 

In  any  case,  the  calming  effect  is  definitely  established,  according  to  Defant 
[3,  p.  139]. 

Applications  of  an  oil  film  have  resulted  in  a  measured  reduction  of  the  mean- 
square  wave  slope  in  a  sea  state  by  a  factor  of  2  or  3  [11].  Since  the  shortest  waves 
in  the  spectrum  contribute  most  to  the  mean-square  slope, the  measured  reduction 
is  interpreted  to  indicate  that  the  slick  selectively  eliminates  the  shortest  waves 
immediately. 

The  reason  for  this  elimination,  according  to  Defant,  is  that  the  calming 
contaminants  have  less  surface  tension  than  sea  water  does.  This  property 
causes  the  oil  to  spread  rapidly  into  a  very  thin  film.  For  sufficiently  thin  films, 
the  surface  tension  becomes  a  function  of  the  film  thickness,  and  the  surface 
opposes  any  motion  that  tends  to  make  the  film  thinner.  Thus,  wave  motions  in 
the  underlying  water  are  subjected  to  tangential  drag  by  the  resisting  film,  and 
dissipation  of  the  particle  kinetic  energy  is  increased. 

In  addition,  it  is  plausible  that  the  drag  coefficient  of  the  surface  with  respect 
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to  the  wind  depends  to  some  extent  on  the  mean- square  slope  of  the  sea  state, 
although  the  degree  of  dependence  has  yet  to  be  definitely  established  observa- 
tionally.  The  energy-budget  diagrams  for  growing  sea  show  that  the  portion  of 
the  energy  transfer  from  the  wind  that  goes  into  increasing  the  wave  energy 
amounts  to  at  least  about  10%  of  the  total.  A  10%  decrease  in  drag  coefficient  in 
a  growing  sea  would  therefore  eliminate  this  surplus  over  the  dissipation  rate, 
even  were  the  dissipation  rate  to  remain  constant  upon  application  of  the  film. 

On  the  basis  of  this  explanation,  we  would  not  expect  a  contaminant  that 
reduces  the  surface  tension  without  forming  a  film  (eg.,  a  detergent)  to  be  effec¬ 
tive  in  calming  seas.  This  is  borne  out  by  observations  [3].  Whether  this  type  of 
contaminant  would  have  any  effect  on  sea  state  -and  what  the  effect  might  be— 
remains  an  open  question. 

(c)  Interference  through  modification  of  dissipation  rate.  Defant  notes  that 
such  solid  contaminants  as  mud.  ice,  and  seaweed  may  either  prevent  wave  devel¬ 
opment  or  cause  waves  to  decay  rapidly.  This  effect  is  presumably  due  to  the 
increased  viscous  drag  of  orbital  motion  against  solid  bodies  in  suspension. 

Later  estimates  of  the  increased  dissipation  may  be  possible. 

(d)  Interference  through  prevention  of  horizontal  transport  of  wave  energy 
into  restricted  areas.  The  traditional  method  for  exercising  control  of  surf  over 
local  areas  has  been  to  construct  breakwaters.  Use  of  modern  materials  and 
techniques  may  make  temporary  artificial  breakwaters  for  restricted  areas 
feasible,  particularly  if  the  barrier  effect  can  be  combined  with  an  increased 
frictional  drag  as  described  previously.  Materials  like  the  recently  developed 
foam  plastics  come  to  mind  as  being  suitable. 

(e)  Interference  through  superposition  of  mechanically  generated  turbulent 
motions  on  the  wave  field.  This  would  obviously  be  restricted  to  local  areas. 

The  development  of  a  theoretical  basis  for  a  prediction  of  interaction  effects 
between  organized  small-  and  large-scale  motions  and  random  small-scale 
motions  is  formidable. 

It  might  be  noted  that  the  essence  of  this  problem  is  contained  in  the  problem 
of  understanding  the  natural  degeneration  of  waves  by  breaking. 
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N.4.1.2  Indirect 


The  boundary-layer  turbulent  wind  structure  and  stress  are  obviously 
affected  by  the  thermal  stratification  in  this  layer.  Theories  successfully 
describing  the  variations  of  these  parameters  with  stability  over  land  surfaces 
have  been  developed  recently.  It  is  problematical  as  yet  whether  such  theories 
apply  to  overwater  boundary  layers  in  view  of  possibly  significant  differences 
in  the  nature  of  the  underlying  surface. 

The  line  of  attack  on  this  approach  would  be  to  investigate  methods  for 
modifying  the  surface-water  temperature  by  interference  with  the  surface-heat 
balance.  This  interference  could  affect  the  net  radiation,  evaporation,  and/or 
advective  and  turbulent  transports  of  heat. 

N.4.2  Survey  of  Simulation  and  Predictive  Capabilities 

N.4.2.1  Theoretical 

In  the  previous  sections,  an  idealized  equilibrium  spectrum  [1]  has  been  used 
to  obtain  the  gross  energy  estimates  desired  for  this  preliminary  study.  It  is 
believed  that  this  spectrum,  obtained  without  detailed  consideration  of  nonlinear 
effects  and  on  purely  dimensional  grounds,  does  not  differ  in  order-of-magnitude 
total  energy  from  other  empirically  tabulated  spectra  [2]  or  from  the  averages 
of  recently  observed  spectra  112,  13]. 

Other  important  features  of  wind-wave  spectra ,  such  as  the  peak  frequency 
(or  frequencies)  at  various  stages  of  development  cannot  be  explained  theoretically 
without  detailed  consideration  of  nonlinear  effects.  Recent  nonlinear  theoretical 
gravity-wave  models  [14, 15]  offer  differing  predictions  about  preferred  wavelengths 
in  developing  spectra. 

A  few  observed  spectra  that  have  been  reported  agree  in  some  ways  with  the 
results  of  both  models  [16]. 

Thus,  the  theoretical  simulation  of  wa\  e  spectra  by  linear  models  may  be 
described  as  having  achieved  some  success  in  predicting  the  total  amount  of 
wave  energy  at  any  stage  of  development,  and.  perhaps,  the  directional  distribu¬ 
tion  of  wave  energy  relative  to  the  generating  wind  fLYj. 

Nonlinear  models  that  have  been  considered  are  capable  of  predicting  pre- 
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ferred  frequencies  or  wavelengths  in  the  spectrum,  but  these  have  not  yet  been 
fully  checked  out  against  observations.  The  possibility  of  theoretically  simulating 
sea  states  with  realistic  statistics  of  Oth  or  high  order  (e.g.,  distributions  of  wave 
height,  slope,  and  curvature)  must  await  the  development  of  such  models.  The 
statistics  of  integral  properties  (e.g.,  total  energy  and  directional  energy  dis¬ 
tributions)  are  satisfactorily  simulated  by  linear  models  to  the  accuracy  desired 
in  this  study. 

N.4.2.2  Synoptic-empirical 

Practical  techniques  for  obtaining  sea-state  forecasts  have  been  available 
for  several  years  [e.g.,  2].  The  forecasts  have  produced  operationally  useful 
prior  estimates  of  such  sea-state  properties  as  total  wave  energy,  significant 
height,  and  dominant  wavelength  in  routine  practice  [18].  Subsequent  applications 
of  these  techniques  include  the  specification  of  optimum  ship  routes  [19]  and  the 
development  of  numerical  forecasting  techniques  [20]. 

Improvement  of  these  techniques  requires,  in  addition  to  the  theoretical 
developments  described  above,  improvement  in  the  specification  of  initial  and 
predicted  wind  fields  over  the  oceans,  as  well  as  the  availability  of  many  more 
observations  of  wave  spectra,  particularly  at  high  wind  speeds. 

N.4.2.3  Experimental 

Observations  made  in  wind-tunnel  tanks  and  wave  channels  [17,21]  are, 
obviously,  severely  restricted  in  their  capability  to  simulate  nature  sea  states. 

However,  it  is  certain  that  relevant  experiments  concerned  with  contamination 
effects  on  viscous  damping  and  on  capillary-small  gravity-wave  profiles  could  be 
designed  for  such  facilities. 

N.4.3  Research  Required  for  Further  Control  or  Modification  Feasibility 
Assessment 

This  section  emphasizes  problem  areas  that,  in  a  recent c  ,rvey  of  research 
[21]  in  this  field,  appear  to  be  relatively  neglected. 

Several  important  questions  raised  in  Stewart’s  [6]  speculative  discussion 
of  the  wave-generation  problem  deserve  further  investigation.  Preliminary  field 
observational  studies  relevant  to  one  of  these  questions  have  been  described  by 
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Stewart  [22]. 

Basically,  the  wave-generation  and  -maintenance  problem,  as  considered  by 
Stewart,  can  be  cast  in  the  following  foi  m  for  a  growing  sea.  Given  two  turbulent 
layers  of  fluid  of  different  densities  with  a  bounding  interface.  The  upper  fluid 
layer  contains  a  source  of  mean  momentum  or  kinetic  energy.  The  important 
quantities  to  be  determined  are  the  rate  of  turbulent  transport  of  mean  kinetic 
energy  downward  into  the  interface,  and  the  rate  of  viscous  dissipation  of  kinetic 
energy  within  the  uppermost  portions  of  the  lower  layer  plus  the  turbulent  trans¬ 
port  downward  from  these  uppermost  portions  into  deeper  portions  of  the  lower 
fluid. 

With  proper  parameterization  of  the  turbulent  viscosity  of  the  two  fluids,  a 
theoretical  approach  to  the  problem  is  possible. 

A  further  step  would  lead  to  a  3-layer  model  consisting  of  two  (turbulently) 
viscous  layers  separated  by  a  thin  fluid  film,  if  a  formulation  of  the  combined 
turbulent- thin  film  mechanics  is  possible.  This  theoretical  problem,  if  solvable, 
might  shed  further  light  on  the  calming  effect  of  surface  slicks. 

An  increase  in  effective  viscosity  of  the  lower  fluid  layer  might  adequately 
parameterize  the  effects  of  floating  solid  particles  for  theoretical  investigation 
of  another  proposed  modification  technique. 

The  class  of  theoretical  models  proposed  assumes  that  the  growth  of  a  sea 
state  in  nature  is  adequately  represented  by  an  accumulation  of  mean  kinetic  energy 
in  the  vicinity  of  the  interface  in  the  models..  Although  the  models  are  extremely 
simplified,  their  formulation  is  far  from  a  trivial  problem.  A  key  aspect  of  the 
problem  is  the  formulation  of  appropriate  boundary  conditions  at  the  interface(s). 

Experimental  and  field  observational  studies  directed  toward  the  evaluation 
of  the  turbulent  fluxes  and  dissipation  rates  m  the  vicinity  of  the  interface(s) 
would  be  very  useful  in  the  for  mulation  of  the  type  of  theoretical  model  outlined 
above. 
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APPENDIX  O.  SURFACE  OCEAN  CURRENTS* 


0.1.0  GENERAL  DESCRIPTION 
0.1,1  Phenomenon  Types 

Here,  we  shall  consider  the  surface  wind-driven  currents  only;  surface 

\ 

currents  associated  with  tides,  surges,  and  tsunamis  are  not  considered. 

0.1.2  Characteristic  Geographic  Extent 

The  surface  wind-driven  ocean  currents  are  responsible  for  the  bulk  of 
the  observed  large-scale  circulation  of  the  world’s  surface  ocean  waters,  e.g., 
the  gyral  systems  associated  with  the  Gulf  Stream,  Kuroshio,  etc.,  and  the 
equatorial  current  regimes .  In  the  open  ocean,  these  currents  ’  intensity  decreases 
with  depth  and  is  generally  negligible  below  about  500  m. 

0.1.3  Characteristic  Process  and  Property  Involvement 
0,1. 3.1  Basic  Forces 

Horizontal  frictional  stress  of  wind  on  water’s  surface. 

0.1. 3. 2  Modifying  Factors 

(a)  Wind  speed 

(b)  wind  direction 

(c)  water  depth 

(d)  eddy  viscosity  of  water 

(e)  earth’s  rotation  rate 

(f)  coastal  configuration 

(g)  wind  duration 

(h)  sea-surface  tension 

(i)  lateral  diffusion 

(j)  air  pressure 

(k)  sea-surface  state  (roughness). 

0.1. 3. 3  Property  Transports 

(a)  Water  mass 

(b)  water  temperature  (heat). 


*By  W.  Lawrence  Gates. 


0.1.4  Characteristic  Variations  (Life  Cycle) 

In  shallow  or  coastal  waters,  the  wind-driven  current  responds  to  wind 
variations  of  the  order  of  hours,  and  often  is  in  a  transient  state  of  growth  or 
decay.  In  deep  water,  say  of  depth  greater  than  100  xn,  the  wind  driven  currents 
are  more  fully  developed,  and  respond  to  the  longer-period  wind  variations  of 
the  order  of  Jays,  weeks,  or  months.  The  major  oceanic  surface  circulations 
show  relatively  small  variations  <c,  10%)  on  these  same  time  periods,  and 
evidently  also  have  a  seasonal  variation  (autumn  minimum)  of  the  order  of  20%. 
No  life  cycle  as  such  occurs  for  the  surface  wind-driven  currents,  once  the  wind- 
stress  action  has  been  acting  for  longer  than  one-half  pendulum  day  [1]. 
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0.2.0  ASSESSMENT  OF  GEOPHYSICAL  FORCES 
0.2,1  Basic  Physical  Equations 

(a)  Equation  of  horizontal  motion: 

dv  v  *  1  „  ,  1  3t  2„ 

—  =  -  if  Xv--Vp  +  ~—  +  AV  v. 
dt  p  pdt 


(b)  Continuity  equation: 


&  ,  _  v  .  f  .  to 

dt  p  9z 


(c)  Hydrostatic  equation: 


9£  _ 


9z 


=  “Pg 


(0-1) 


(0-2) 


(0-3) 


Here,  the  symbols  are  defined  as  follows: 

v  =  horizontal  current  vector 
w  =  vertical  current 
f  =  2Q  sin  cp,  coriolis  parameter 
p  -  water  density 
p  =  water  pressure 

f  =  vertical  component  of  horizontal  wind  stress  on  water  surface 
A  =  horizontal  eddy  viscosity 
g  =  gravitational  acceleration 
z  =  vertical  coordinate  (upward) 

E  =  vertical  unit  vector. 
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0,2.2  Force  Analysis 


TABLE  0-1 

ESTIMATED  FORCE  MAGNITUDE  AND  SCALE 


" 

Term 

Order  of  magnitude 

Horizontal  scale 

Vertical  scale 

Coriolis 
force 
<-fk  X  7) 

10'3  to  2  x  io" 2 

-2 

cm  sec 

io2  to  io3  km 

10  1  to  1  km 

Horizontal 
pressure  force 

(-P  lVp> 

10"3  to  2  X  IO-2 

-2 

cm  sec 

2  j 

10  to  10“  km 

10  1  to  1  km 

Vertical  fric¬ 
tional  force 

-5  -2 

3  X  10  cm  sec 

102  to  103  km 

500  m 

[p-i<a?/a  z)l 

Horizontal  fric¬ 
tional  force 

(A  V2v) 

-6  -4 

10  to  10 

_2 

cm  sec 

102  km 

i02  to  103  m 

Horizontal  mass 
divergence 
(V  ,  pv) 

,„-9  “3 

10  gm  cm 

-1 

sec 

102  to  103  km 

500  m 

Vertical  mass 

divergence 

(3pw/3z) 

-9  -3 

10  gm  cm 

-1 

sec 

102  to  103  km 

500  m 

Vertical  pres¬ 
sure  gradient 
(3p/3z) 

3  -2 

10  gm  cm 

-  -2 
sec 

- 

- 

0.2.3  Characteristic  Structure 

Wind-drxven  currents  are  found  in  all  the  oceans  and  constitute  the  domi¬ 
nant  surface  circulation.  Their  speed  is  greatest  at  or  just  beneath  the  surface 
and  is  of  the  order  of  0.5  m  sec  \  with  maximum  speeds  of  abou'c  2  m  sec  * 
occurring  in  the  western  ocean  boundary  currents  (e.g.,  Gulf  Stream).  The  cur¬ 
rent  speeds  decrease  with  depth  m  the  ocean,  with  the  velocity  vector  showing  a 
spiral-like  {cum  sole)  variation.  At  several  hundred  meters’  depth,  the  wind- 
driven  currents  have  virtually  disappeared.  In  the  open  sea,  the  surface  cur¬ 
rent  deviates  approximately  45°  to  the  right  of  the  wind. 

The  net  water  transported  by  the  wind-driven  current  is  to  the  right  of  the 


308 


wind  {in  the  Northern  Hemisphere),  and  if  the  wind’s  stress  action  continues  long 

enough,  a  piling  up  of  surface  waters  may  occur,  especially  near  a  coast.  A 

geostrophic  slope  current  may  thus  appear  directed  parallel  to  the  wind,  with 

the  consequent  modification  of  the  total  water  flow.  In  a  fully  developed  or  steady- 

-5 

state  current,  the  surface-water  slope  may  be  of  the  order  of  1.0  ,  corresponding 

to  an  internal  horizontal  pressure  gradient  of  1  mb  km  1. 

The  semipermanent  large-scale  surface-wind  distribution  of  the  lower  and 
middle  latitudes  gives  rise  to  a  system  of  large-scale  oceanic  gyres  (circulation 
cells),  with  the  gyral  boundaries  occurring  in  the  regions  of  maximum  and  mini- 
mun  wind  stress.  The  total  circulation  within  each  gyre  depends  upon  the  mag¬ 
nitude  of  the  vertical  component  of  curl  t ,  with  the  poleward  meridional  flow 
generally  increasing  westward  across  the  ocean  and  leading  to  an  intense  current 

at  the  western  boundary.  Total  water  transported  by  these  wind-driven  circula- 

14  -1 

tions  are  of  the  order  of  3  X  10  gm  sec  ,  divided  among  six  major  ocean 

-2 

gyral  circulations.  The  magnitude  of  7  is  of  the  order  of  1  dyne  cm  . 

Smaller- scale  and/or  shorter-period  winds  also  produce  surface  currents 
of  smaller  extent  and  of  a  less  permanent  nature.  These  transient  wind  currents 
do  not  extend  to  great  depth. 


0,3.0  ASSESSMENT  OF  GEOPHYSICAL  ENERGY 
0.3,1  Energy  Budget 

Let  a  boxed  symbol  denote  an  energy  intrinsic  to  the  wind-driven  surface 
current,  and  a  circled  symbol  denote  an  energy  related  to  the  intrinsic  ones  by 


Fig.  0-1.  Energy  budget. 

an  energy- transformation  process.  Let  us  also  denote  a  dissipation  of  energy  by 
the  symbol  D.  The  kinetic -energy  budget  of  the  surface  ocean  currents  may  now 
be  represented  by  the  accompanying  diagram,  to  which  the  following  discussions 
refer. 


0. 3.1.1  Storage  Estimates 


(a)  K  ,  =  kinetic  energy  of  wind-driven  surface  currents 

'  sfc.  curr. 

*  2 

=  0.5p  •  |vi  area  •  depth 


Lg™ 


/50  cmV 
^  sec  j 


2  •  3  X  1018  cm2*  •  200  m; 


K  ,  =  1.5  X  1017  cal. 

sfc.  curr. 


(0-4) 


This  energy  corresponds  to  approximately  0.05  cal  cm  of  sea  surface.  Note  that 
about  75%  of  this  total  energy  is  probably  contained  in  the  assumed  upper  50  m. 
-  18  2 

*The  area  3  X  10  cm  represents  approximately  the  world’s  major  ocean 

18  2 

surface  area;  the  total  water-covered  area  is  3.61  X  10  cm  . 
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(b)  K,  .  =  kinetic  energy  of  internal  ocean  currents.  This  may 

'  '  int.  curr. 

include  both  the  familiar  internal  geostrophic  or  dynamic  currents,  turbidity  cur¬ 
rents,  as  well  as  the  system  of  undercurrents  now  coming  to  light.  We  may 

•*  2 

estimate  the  dynamic  currents’  kinetic  energy  as  0.5 p  171  area  •  depth;  assum- 

^  -1  18  2 
ing  that  |V|  =  5  cm  sec  over  a  depth  of  3000  m  and  an  area  of  3  X  10  cm  , 

we  find  the  estimate 


K.  .  „  ,  =  2.2  X  1016  caL 

int.  curr.  (1) 


(0-5) 


The  deep  currents  underlying  the  Gulf  Stream  system,  for  example,  probably  have 
a  kinetic  energy  comparable  to  this  figure. 

The  kinetic  energy  of  the  equatorial  undercurrents  may  be  estimated  [2] 

4 

from  their  apparent  depth  of  100  m,  length  of  10  km  (at  the  equator),  width  of 
200  km,  and  a  mean  speed  of  about  2  knots.  Hence,  we  find 

K.  .  ,  =  2.5  X  1016  cal.  (0-6) 

int.  curr.  (2) 

The  kinetic  energy  of  a  turbidity  current  may  be  estimated  [3]  from  an  average 
_1  2 

speed  of  20  m  sec  ,  a  width  of  1  km,  a  depth  of  10  m,  and  an  estimated  length 


of  10  km.  Thus,  we  find 


K. 


14 

1  X  10  cal. 


int.  curr.  (3) 

This  energy  appears  negligible,  even  for  a  moderate  frequency  of  occurrence  of 
such  currents. 


(0-7) 


(c)  P  =  potential  and  internal  energy  of  internal  baroclinic  ocean 

structure.  Assuming  geostrophic  equilibrium  for  the  internal  currents,  we  may 

estimate  P.  .  R!  K.  ,  ,  i.e., 

mt.  mt.  curr. 


P.  ,  =  2.2  X  1016  cal. 
mt. 


(0-8) 


(d)  Pgjc  =  potential  energy  of  large-scale  sea-surface  elevation: 
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=  pg(R  )  *  •  area 


Igm  10  m  _  2,  „  _  ,,  .,  „18  2 

— “t-  - r-  (700  cm  )  •  1.5  X  10  cm  ; 

3  3 

cm  sec 

2.3  X  1016  cal.f 


(0-9) 


(e)  K.  ^  =  kj.netic  energy  of  internal  waves: 

mt.  waves 

wav£_energy  _  for  sinusoidal  waves  of  height  H; 
unit  area  8 

„  1  1  gm  10  m  .2  _  .,17  2 

K.  .  =  r  . 6  „■  - r  2  m  -  .3  X  10  cm,: 

mt.  waves  8  3  2  '  ~~r~  y; - f 

cm  sec  10%  of  seas 


surface 


K.  .  =  3.8  X  10  cal. 

mt.  waves 


(0-10) 


(f)  K,  P  -  _  =  kinetic  and  potential  energy  of  sea-surface  waves: 

sic.  waves 

H2 

K  +  P  =  —  •  area  (H  =  1  m)  (for  sinusoidal  waves); 

sfc.  waves  8  '  n 


K,  P  _  =  9.5  X  1016  cal. 

sfc.  waves 


(0-11) 


0.3.1, 2  Transformation-rate  Estimates 

(a)  ©  =  energy-transmission  rate  from  low-level  wind  to  ocean  via 

_2 

tangential  wind  stress  t  on  water.  Assuming  that  t  (ocean)  =  1  dyne  cm  ,  f  (land) 
_2 

=  10  dynes  cm  ,  then  the  ocean  stress  accounts  for  about  25%  of  the  total  wind- 

1 3  -1 

energy  dissipation,  which  may  be  estimated  [4]  at  10  cal  sec  .  Hence, 

(T)  =  2.5  X  1C12  cal  sec  1.  (0-12) 

(b)  ©  =  energy-transmission  rate  from  wind  to  sea-surface  waves.  This 
is  evidently  accomplished  by  turbulent  air-pressure  variations,  resonance,  and  by 
aerodynamic  pressure  effects  of  the  wave  shape  [5].  The  latter  mechanism’s 


—2  2  2 

*(h  )  =  mean-square  height  -  o-  L  /3,  where  a  is  slope,  and  L  is  distance. 

-7  2  2 

Assuming  that  a  =  1.6  X  10  ,  giving  50  cm  rise  over  3000  km,  (E  )  =  750  cm  . 

|The  atmospheric  pressure  effect  (1  mb  *  1cm  ocean-level  variation)  con- 

15 

tributes  an  energy  estimated  at  2  X  10  cal. 
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(0-13) 


energy -flux  rate  may  be  taken  [6]  proportional  to  the  expression 


<v  '  °>  ' 


where  h  is  the  wave  height,  L  is  the  wavelength,  c  is  the  wave  speed,  and  v  is 

-2 

the  wind  speed.  Measurements  [7]  indicate  an  average  value  of  0.1  watt  m  ,  or 


12  -1 

2)  =  7.5  X  10  cal  sec 


(0-14) 


for  the  entire  earth’s  ocean  surface.  This  transmission  rate  may  also  be  esti¬ 
mated  by  assuming  that  essentially  all  of  the  wind’s  stress  action  goes  into  the 
surface  waves  [8].  This  rate  is  f  •  c,  where  c  is  an  average  wave  speed  rela¬ 
tive  to  the  wind.  Hence, 


area  = 


1  dyne  3  m 


cm 


sec 


3  X  1018  cm2 


(0-15) 


or 

®2  =  2.2  X  1013  cal  sec"1.  (0-16) 

This  estimate  is  an  order  of  magnitude  larger  than(T),  we  note,  and  is  in  rela¬ 
tively  good  agreement  with  (2^. 

(c)  ©  =  energy-exchange  rate  between  surface  waves  and  surface  current. 

No  estimate  available;  the  water  particles  in  a  surface-wave  motion  are  usually 

considered  to  move  in  circular  orbits,  with  no  net  translation  of  their  own  making. 

Some  energy  transfer  seems  likely,  however,  probably  in  the  direction  of 

K  ,  from  P,  K 

sfc.  curr.  sfc.  waves 


(d)  ©  =  energy-exchange  rate  between  surface  current  and  internal  cur¬ 
rents.  This  exchange  depends  on  the  vertical  energy  flux,  either  by  organized 
vertical  currents  or  by  vertical  turbulent  diffusion.  The  convergence  in  the 
wind-driven  surface  or  Ekman  layer  results  in  a  downward  water  motion  at  the 

layer’s  base  at  about  500  m  depth.  This  speed,  w  ,  may  be  estimated  at  5  X  10  1 

-1  e 
cm  sec  .  Assuming  sinking  to  occur  over  half  of  the  world’s  oceans,  and  taking 

a  kinetic  energy  at  this  level  for  a  speed  of  5  cm  sec  1  relative  to  a  surface 

speed  of  50  cm  sec  we  may  estimate  the  vertical  kinetic  energy  advection 

we(3k/3z).  Assuming  now  a  correlation  between  the  sinking  motion  and  the 


1 


stronger  oceanic  surface  currents  (the  dominant  anticyclonic  gyres),  we  may 

estimate  the  net  downward  kinetic -energy  flux  as  0.1  w  (3k/Bz).  Thus  we  find 

© 

that 

0  =  0.6  X  1012  cal  sec"1.  (0-17) 

The  role  of  vertical  diffusion  of  kinetic  energy  from  the  upper  to  the  lower  ocean 

layers  is  not  known  as  a  separate  phenomenon,  and  no  estimate  is  available.  It 

seems  probable,  however,  that  this  effect  also  proceeds  in  the  direction  K  . 

sfc.  curr. 

to  K.  ,  *,  and  may  be  masked  in  the  above  estimate. 

xnt.  curr.  J  '  i 

<e)  ©  =  energy-exchange  rate  between  surface  current  and  the  internal 
oceanic  potential  energy.  No  direct  estimate  available.  Assuming  the  develop¬ 
ment  of  a  geostropnic  balance,  however,  we  may  make  an  indirect  estimate 
dependent  on  the  storage  estimate  P  ..  Ekman  [9]  estimates  that  geostrophic 
equilibrium  is  established  over  a  distance  of  102  km  from  a  coast  in  about  1  day. 
For  an  average  ocean  “radius”  of  3000  km,  about  30  days  is  thus  required.  Hence, 


©- 


Pint. 


=  8.4  X  109  cal  sec  1 . 


(0-18) 


30  days 

<o  ©  =  energy-exchange  rate  between  sin-face  current  and  the  potential 
energy  of  the  sea-surface  slope.  No  direct  estimate  available.  By  the  method 
of  (e)  above,  however,  we  may  estimate  that 

Pe 


® 


sfc  9  —  i 

=  8.8  X  10  cal  sec  . 


30  days 


(0-19) 


(g)  ©  -  energy-transmission  rate  between  surface  currents  and  the 
kinetic  energy  of  internal  waves .  No  direct  estimate  available.  It  would  appear 
probable,  however,  that  the  energy  propagation  is  in  the  direction  curr  to 


K 


int.  waves' 


Q.3.1.3  Dissipation-rate  Estimates 
* 

(a)  D,  =  frictional  dissipation  at  sea  bottom.  Assuming  the  bottom 

2  3-3 

stress  to  be  proportional  to  pv  and  taking  p  ,  =  10  p  .  and  v  .  =10 

r  3  'water  'air  water 

v  .  ,  we  find  that  t  .  =10  t  .  .  Thus,  from  the  transformation  rate 

air’  water  air 
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(0-20) 


estimate  (V^ ,  we  may  estimate  that 

D,  .  ....  =  2.5  X  109  cal  sec  1. 
bot.(l) 

This  estimate  is  appropriate  to  the  apparent  mean  deep-sea  currents  with  speeds 

of  the  order  of  1  cm  sec  \  There  is  increasing  evidence  of  large  and  variable 

currents  in  the  deep  and  bottom  water  of  the  ocean  [2];  the  effective  dissipation 

-1  2 

of  these  currents,  with  v  *  10  cm  sec  ,  may  be  10  times  that  estimated  above. 
Hence,  we  may  estimate  as  an  upper  value 

Du  w  =  2  X  1011  cal  sec"1.  (0-21) 

bot.(2)  '  ' 

This  higher  dissipation  rate  is  also  in  better  agreement  with  the  estimate  [5] 

that  the  bottom  stress  is  approximately  0.03  times  the  surface  stress. 

(b)  D  =  energy  dissipation  in  the  ocean’s  interior  due  to  turbulent  vis¬ 
cosity.  Assur.  ing  first  that  this  dissipation  is  represented  mainly  by  lateral  eddy 
diffusion,  we  may  consider  it  to  be  proportional  to  the  transformation  (T) ,  i.e., 

Din<. 

where  v  is  the  vertically  integrated  horizontal  current  speed,  and  A  is  the  coeffi- 

cient  of  lateral  eddy  diffusion.  Taking  Tsf  =  1  dyne  cm  >  P  =  1  gm  cm  ,  and 

8  2  1  2  ^  *  1*7  “1 
A  =  10  cm  sec  and  estimating  V  v  for  the  whole  ocean*  as  2  X  10“  cm  sec 

(times  4000  m  depth),  we  have  (using  (T)  that 

9  -1 

°int  (1)  =  2,0  X  10  Ca*  S6C  *  (0-23) 

An  independent  estimate  of  D.  may  be  made  from  the  estimate  [12]  that  12  yr 

lUv« 

would  be  required  to  dissipate  the  ocean’s  kinetic  energy  by  internal  (lateral) 

eddy  friction.  Thus,  from  K  .  +  K.  ,  +  K.  ,  =  1.4  X 

-j j  sfc.  curr.  mt.  curr.  int.  waves 

10  cal,  we  have  that 

Dint  (2)  =  3  8  X  l°9  cal  seo_1  (< 0-24 ) 

It  has  also  been  estimated  [12 j  that  bottom  frictional  dissipation  proceeds  at 

*In  the  narrow  western  boundary  currents,  e.g.,  the  Gulf  Stream,  the  value  of 
V^V  may  easily  be  102  times  this  value.  The  present  estimate  may  be  regarded  as 
a  dissipation  by  these  boundary  currents  occupying  1%  of  the  ocean. 


about  4  times  the  rate  of  D,  ,  .  Hence,  from  D,  ,  ,  we  may  estimate  D,  to  be 
g  1  int.  bot.  J  int. 

about  0.6  X  10  cal  sec  ;  this  estimate,  however-,  appeal’s  somewhat  low  and  is 
not  felt  to  be  sufficiently  reliable. 

Assuming  that  the  internal  dissipation  of  the  surface-current  energy  takes 
place  by  means  of  small-scale  turbulence,  we  may  use  the  recently  measured 
[8]  value  of  the  dissipation  of  order  of  0.1  erg  cm  2  sec.  1  per  meter’s  depth 
found  at  15  m  as  representing  this  mechanism.  Over  100  m  depth  and  for  all  the 
world’s  oceans,  we  thus  find  the  estimate 

i  o  -1 

D.  t  /n  =  0.8  X  10  cal  sec  .  (0-25) 

int.  (3) 

We  note  that  this  estimate  is  considerably  greater  than  the  previous  two 
estimates  and  does  not  appear  physically  unreasonable. 

Q.3.2  Instabilities 

The  wind-driven  surface  ocean  currents  appear  to  be  relatively  stable  and 
permanent  features  of  the  large-scale  oceanic  circulation.  No  instabilities  on  a 
large  scale  have  been  reported,  although— as  noted  earlier— there  are  both  regular 
and  irregular  variations  in  certain  features  of  the  circulation.  On  a  smaller  scale, 
there  are  the  more  shallow  and  localized  transients  due  to  moving  wind  systems 
and  local  winds.  These  also  appear  to  display  no  instabilities. 

Recently,  the  meanders  [13]  of  the  intense  western  boundary  currents  (e.g., 
Gulf  Stream)  have  received  considerable  attention  and  may  be  regarded  as  a  kind 
of  instability  of  the  surface  current.  These  eddies  are  of  a  few  hundred  kilo¬ 
meters’  dimension  and  appear  to  have  a  lifetime  of  several  weeks,  at  least. 

Although  their  cause  is  not  fully  known,  it  would  appear  that  they  occur  in  con¬ 
nection  with  bottom-topography  variations  when  the  current  leaves  the  continental 
shelves  for  deeper  water  [14],  The  meanders’  form  and  structure  also  appear  to 
be  related  to  the  nonlinear  nature  of  the  boundary  current  [15]. 
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0.4.0  MODIFICATION  OR  CONTROL  FEASIBILITY 


0.4,1  Force  and/or  Energy  Interference 

As  a  preliminary  to  the  consideration  of  energetic  interference,  it  is 

instructive  to  examine  first  a  summary  of  the  energy  budget,  given  below.  Here, 

12  -1 

the  energy  transformations  and  dissipations  are  in  units  of  10  cal  sec  .  If  we 

assume  a  steady  state  of  current  and  wave  development,  it  appears  that  there  may 

be  a  significant  energy  transfer  from  K,  P  .  to  K  „  of  the  order  of 

^2  sfc.  waves  sfc.  curr. 

10  cal  sec  .  It  also  appears  that  the  transfer  K  .  to  K.  ,  is 

sfc.  curr.  int.  curr. 

significant,  and  may  well  be  accompanied  by  further  transformations  (indicated 


Fig.  0-2.  Energy  budget  summary. 

by  dashed  lines*  with  P  ,  P  _  ,  and  K.  .  The  possibility  of  direct  trans- 

int.  sfc.’  int.  waves  - 

fer  between  K  ,  and  K.  ,  and  between  K.  x  and  K,  P  . 

sfc.  curr.  mt.  waves  mt.  waves  sfc.  waves 

is  also  suggested;  the  magnitudes  of  these  may  have  a  critical  bearing  on  the  over¬ 
all  energy  budget  of  the  surface  currents. 

In  view  of  the  relatively  prominent  energetic  role  of  the  surface  waves,  some 
farther  consideration  of  the  dissipations  by  internal  friction  and  coastal  surf  are 

of  interest.  Considering  D  .  first,  we  have,  from  K,  P  „  ,  wave  energy  = 

suri  sfc.  waves’ 
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-I  2 

8  pgH  .  If  we  assume  a  wave  period  of  10  sec,  giving  a  group  velocity  of 

-1  9 

7.8  m  sec  ,  the  wave-energy  transmission  rate  is  approximately  4  X  10  ergs 

-1  0.4 

sec  per  centimeter  of  coast.  Assuming  5  X  10  km  of  surf  coastline,  we 

have 

D  .  =  0.5  X  1012  cal  sec"1.  (0-26) 

surf 

This  dissipation  rate  is  small  compared  with  the  wave- energy  input  rate  from  the 
wind  ((jT)). 

The  internal  frictional  dissipation  D  of  the  surface  waves  is  difficult  to 

estimate  because  of  the  evidently  strong  dependence  on  wind  speed  and  wave 

height.  For  wave  heights  less  than  1  m,  the  turbulent  dissipation  in  the  layer  1  m 

-2  -1 

beneath  the  waves’  troughs  may  be  estimated  [16]  at  3  ergs  cm  sec  ,  or 

Dturb  =  °'2  X  1q12  Cal  sec_1-  (0-27) 

The  internal  turbulent  dissipation  due  to  the  waves  decreases  rapidly  with  depth 

and  may  be  considered  negligible  below  10  m. 

This  estimate  of  D  ^  is  no  doubt  a  significant  underestimate;  most  of 

the  waves’  energy  dissipation  probably  occurs  very  near  the  sea  surface  (  <  1  m) 

[8],  Even  allowing  fo"  a  tenfold  increase,  neither  this  estimate  nor  that  of 

°surf  accounts  f°r  a  significant  part  of  the  estimated  rate  of  energy  input  to  the 

surface  waves  from  the  wind.:  The  possible  significance  of  an  energy  transfer 

from  the  surface  waves  to  the  suiface  current  is  again  indicated. 

It  may  also  be  of  interest  to  record  an  estimate  of  the  dissipation  rate  of  the 

energy  of  internal  waves,  in  view  of  these  waves’  possible  close  energetic  relation 

to  the  surface-current  energy.  Using  the  estimated  energy  of  K.  .  ,  and  an 

0,7  mt.  waves 

estimated  dissipation  rate  of  24-hr  period  waves  (of  length  110  km)  [16],  we  find  that 

D.  .  =  0.2  X  1012  cal  sec-1.  (0-28) 

mt.  waves  v 

In  view  of  the  apparent  omnipresence  of  internal  waves,  this  estimate  may  be  low, 

although  the  longer  waves’  energy  is  much  greater  than  that  of  the  shorter  waves. 

If  there  is  a  significant  downward  propagation  of  energy  from  the  surface  waves 

to  internal  waves,  then  this  dissipation  may  assume  a  critical  role  in  the  overall 

energy  balance. 


318 


0.4. 1.1  Direct 


From  the  total  energy  storage  in  the  surface  currents,  of  the  order  of  10 
cal,  it  is  clear  that  a  direct  energy  confrontation  intended  to  destroy  or  drastically 
alter  these  currents  is  not  feasible.*  Moreover,  the  current  energy  is  here 
present  in  an  organized,  large-scale  phenomenon,  and  presumably  only  a  com¬ 
parable  organization  of  energy  could  be  effective  in  a  direct  interference  scheme. 

Interference  with  or  successful  modification  of  the  large-scale  surface  ocean 
currents  would  immediately  call  into  play  the  other  significant  energy  transfers 
in  which  these  currents  play  a  role,  particularly  at  the  sea-air  boundary.  Dominant 

here  is  the  energy  flux  to  the  atmosphere  in  the  form  of  latent  heat,  which  may  be 

-2  -1 

estimated  [4]  to  average  200  cal  cm  day  .  Over  the  world’s  oceans,  this  repre- 

15  -1 

sents  an  energy  transfer  of  7  X  10  cal  sec  ,  a  very  much  greater  flux  than 

those  directly  associated  with  the  surface  current  per  se.  Associated  with  this 

15  -1 

latent-heat  flux  is  a  flux  of  sensible  heat  of  approximately  10  cal  sec  ,  a  cur- 

15  -1 

rent-heat  transport  of  about  10  cal  sec  ,  and  a  turbulent- energy  dissipation  of 

13  -1 

the  wind  of  the  order  of  10  cal  sec  .  It  is  only  this  last  and  relatively  small 
energy  flux  that  evidently  is  directly  responsible  for  the  surface  currents  them¬ 
selves. 

Q.4.1.2  Indirect 

From  the  variety  of  energy  transfers  discussed  above,  a  number  of  indirect 
mechanisms  for  surface-current  interference  might  be  suggested.  Even  the  least 
ambitious  of  these,  however,  involves  a  rate  of  energy  expenditure  that  is  a 
considerable  fraction  of  the  total  rate  of  electric  energy  production  in  the  U.S., 
which  has  been  estimated  [4]  at  10*°  cal  sec  1.  Modification  of  the  surface  cur¬ 
rents  on  a  more  local  scale,  say  by  the  alteration  of  the  surface-wind  stress  or 
of  the  local  submarine  topography,  would  produce  correspondingly  local  effects, 

which  might  well  be  only  temporary.  Suppression  of  surface-wind  waves  by 

4  2 

films  [17]  has  reportedly  been  successful  over  areas  as  large  as  3  X  10  m  in 
1  hr,  although  the  effects  on  surface  currents  are  not  known. 

*We  may  recall  here  that  the  energy  released  in  a  1 1-kiloton  atomic  bomb  is 
15 

of  the  order  of  10  cal.; 


In  general,  it  may  be  concluded  that  even  indirect  interference  with  surface 
currents  is  not  feasible,  a  conclusion  furthered  by  the  unknown  energetic  inter¬ 
actions  in  the  surface  currents’  energy  budget. 

0.4.2  Promotion  or  Suppression  of  Critical  Conditions 

The  only  conditions  or  processes  that  appear  critical  or  vital  to  the  surface 
currents,  on  the  basis  of  present  knowledge,  are  the  atmospheric  stress  and  the 
relations  with  internal  currents . 

0.4. 2.1  Atmospheric  Wind  Stress 

The  reduction  of  wind  stress  by  oil  or  acid  films  effectively  suppresses 
ripples  and  evidently  inhibits  the  formation  of  the  longer  surface-gravity  wave 
[18].  If  these  films  could  be  maintained  over  large  areas  of  the  subtropical 
oceans,  an  overall  reduction  in  the  surface-current  system’s  intensity  might 
result.  The  film’s  interference  with  evaporation  and  sensible-heat  flux  to  the 
atmosphere,*  however,  would  very  likely  substantially  alter  the  surface  currents 
in  other  (and  presently  unknown)  ways  through  a  change  in  the  atmospheric  cir¬ 
culation  itself. 

Q.4.2.2  Internal  Current  Energy 

The  modification  of  the  surface  current  by  changes  of  the  bottom  and/or 
coastal  configuration  would  have  uncertain  effects  until  the  energetic  transfers 
between  surface  and  internal  currents  are  known.  Submarine  topographic  modifi¬ 
cation  might  well  shift  a  surface  current  laterally,  but  might  at  the  same  time 
divert  it  downward.  Related  to  this  problem  are  the  local  phenomena  of  sediment 
transport,  upwelling,  and  thermal  heat  balance.  Such  “side  effects”  of  changes  oi 
bottom  topography  (and  hence  internal-current  energy  changes)  might  well  over¬ 
shadow  an  intended  result. 


♦The  latent-heat  flux  to  the  atmosphere  from  the  ocean  may  be  estimated  at 
7  X  1010  cal  sec-1;  note  the  enormity  of  this  flux  as  compared  with  those  in  the 
surface-current  energy  balance  (Section  0,4.1). 
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0.4.3  Survey  of  Simulation  and  Predictive  Capabilities 

0.4. 3.1  Theoretical 

The  theory  of  surface  ocean  currents  has  received  considerable  attention 
during  the  past  10  to  15  years.  This  research  may  be  broadly  grouped  into 

(a)  studies  of  the  more  local  wind-driven  surface  currents,  following  the 
general  pattern  of  the  classic  study  of  Ekman  [9]  and 

(b)  studies  of  the  general  surface  circulation  of  the  world’s  oceans,  follow¬ 
ing  the  pioneer  studies  of  Sverdrup  [191. 

In  the  present  state  of  development  [20],  the  theory  of  wind-driven  local  sur¬ 
face  currents  can  account  for  the  growth  and  structure  of  such  currents  in  homo¬ 
geneous  water  and  can  satisfactorily  describe  the  effects  of  limited  water  depth 
and  coasts.  Given  the  atmospheric  wind  field,  its  variation  and  the  stress,  methods 
exist  [21]  for  the  satisfactory  prediction  of  storm  surges  and  the  associated  wind- 
driven  currents.  On  a  local  basis,  these  methods  may  be  considered  to  constitute 
the  first  oceanographic  forecast  schemes  (other  than  for  tidal  phenomena). 

The  theory  of  the  large-scale  or  general  oceanographic  circulation,  on  the 
other  hand,  is  somewhat  less  satisfactorily  developed.  As  first  shown  by  Munk 
[22],  the  broad  general  circulation  pattern  may  be  found  from  a  knowledge  of  the 
wind  stress  and  consideration  of  lateral  frictional  dissipation.  Subsequent  theory 
has  concentrated  on  the  more  detailed  structure  of  the  western  boundary  current, 
and  on  the  role  of  the  vertical  ocean-temperature  structure.  The  theory  of  sub¬ 
surface  currents  is  not  well  developed,  and  the  role  of  the  thermohaline  currents 
in  the  overall  circulation  has  only  begun  to  be  studied.  A  predictive  capability 
cannot  be  said  to  exist  at  present. 

0.4. 3. 2  Experimental 

The  general  wind-driven  ocean  circulation  has  been  successfully  mr  deled 
[23,  24]  under  a  variety  of  conditions  approximating  those  in  nature,  including 
realistic  ocean  boundaries.  In  rotating  fluid  experiments,  dye  tracers  have 
revealed  a  striking  resemblance  to  the  Gulf  Stream  system,  for  example.  The 
capability  for  conducting  a  wide  variety  of  model  tests  exists,  and  at  least  a 
qualitative  view  of  oceanic  behavior  might  thereby  be  obtained. 


r 
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0.4.4  Research  Required  for  Further  Control  or  Modification  Feasibility 
Assessment 

0.4.4. 1  Theoretical 

Before  an  adequate  assessment  of  the  feasibility  of  the  con;rol  or  modifica¬ 
tion  of  surface  ocean  currents  can  be  made,  much  further  theoretical  research 
appears  necessary.  In  particular,  the  effects  of  bottom  topography,  the  role  of 
nonlinear  effects  in  momentum  transport,  and  the  dynamics  of  internal  thermal 
and  dynamic  currents  all  must  be  clarified  before  the  surface  currents  can  be 
better  understood.  The  testing  of  dynamic  ocean  models  on  modern  computers 
and,  in  particular,  the  study  of  the  time-dependent  current  evolution  promise  to 
provide  a  particularly  fruitful  avenue  of  attack.  Ultimately,  the  thermohaline 
circulations  in  the  ocean  must  be  coupled  with  the  wind-driven  currents,  and  the 
outlines  of  a  combined  dynamic  theory  constructed.  Such  a  step  appears  neces¬ 
sary  before  significant  progress  can  be  made  on  the  very  important  problem  of 
the  atmosphere-ocean  interaction;  reliable  considerations  of  ocean-current  con¬ 
trol  must  consider  this  coupling. 

0.4 .4. 2  Experimental 

The  effects  of  bottom  topography  and  the  effects  of  barriers  could  easily 
be  studied  in  rotating  model  apparatus.  Techniques  for  the  measurement  of  the 
model  fluid’s  velocity  and  temperature  in  something  approaching  synoptic  detail 
should  be  refined.  The  relative  roles  of  thermal  and  wind-driven  currents  would 
also  appear  amenable  to  experimental  attack.  In  suitable  wave  tanks  (nonrotating), 
the  transfer  of  wave  energy  to  surface  currents  and  to  interior  currents  and/or 
internal  waves  might  also  be  studied.  Quantitative  estimates  of  these  processes 
would  aid  greatly  in  the  control-feasibility  assessments. 

0.4.4. 3  Observational 

The  testing  of  theoretical  models  and  the  interpretation  of  model  experiments 
both  require  adequate  observations  from  the  world’s  oceans,  not  to  mention  the 
much  more  stringent  observational  requirements  for  oceanic  prediction  in  a 
synoptic  sense.  The  presently  available  data  (largely  from  hydrographic  stations 
and  bathythermographs)  are  inadequate  in  both  time  and  space  for  either  of 
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these  roles.  Methods  for  observing  oceanic  variables— and,  in  particular,  the 
currents— from  aircraft,  from  buoys  or  nets  of  buoys,  and  from  satellites  should 
be  investigated. 
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APPENDIX  P. 


INTERNAL  OCEAN  WAVES  * 


P.1,0  INTRODUCTION 

This  appendix  assesses  the  phenomena  of  internal  waves  in  the  ocean  from 
the  standpoint  of  possible  operational  benefits  to  be  gained  from  their  modifica¬ 
tion,  control,  or  prediction.  Such  an  assessment  is  inhibited  from  the  outset  by 
three  factors: 

(a)  Observational  data  on  such  waves  are  extremely  sparse,  far  too  few 
to  allow  any  reasonably  exact  empirical  determination  of  their  characteristics 
in  time  and  space  within  extensive  geographical  areas.  The  existence  of  such 
wave  forms  must  in  most  cases  be  inferred  from  observational  data  on  fluctua¬ 
tions  of  other  oceanographic  parameters,  e.g.,  sea  temperature,  salirity,  and 
currents . 

(b)  Investigations  into  the  basic  causes  of  such  waves  are  still  in  the  early 
stages  of  development,  again  due  primarily  to  the  lack  of  sufficient  observational 
data. 

(c)  The  theoretical  background  for  describing  the  dynamical  and  physical 
processes  involved  in  internal  waves  has  not  yet  been  developed  to  a  point  at 
which  general  and  complete  systems  of  equations,  suitable  for  operational  U3e 
with  observable  parameters,  are  available.  Here  again,  the  lacx  of  observational 
data  hampers  any  empirical  evaluation  of  mathematically  complex  dynamical 
models. 

The  subsequent  discussion  is.  as  a  result  of  these  inhibiting  factors,  pri¬ 
marily  descriptive.  II  is  an  attempt  to  assess  characteristics  that  have  been 
indicated  with  some  degree  of  assurance  by  sparse  observational  data  or  that  can 
reasonably  be  inferred  from  basic  theoretical  considerations. 

*By  Russell  G.  Harris. 


326 


wnart**** '  1 


P.2,0  GENERAL  DESCRIPTION 
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This  assessment  of  internal  waves  from  an  operational-use  standpoint  is  based 
primarily  on  the  information  contained  in  the  references  listed  in  The  Bibliography 
(see  Section  P.6.0).  The  interest  in  the  structure  and  causes  of  internal  waves  has 
grown  at  an  accelerating  rate,  particularly  during  the  past  few  years.  Much  investi¬ 
gative  work  hasoeen  and  is  being  done,  from  both  the  theoretical  and  the  empirical 
standpoints .  Empirical  work  has  consisted  of  observations  both  in  nature  and  in  control¬ 
led  laboratory  (wave-tank)  experiments.  No  doubt  these  current  studies  will  alleviate 
some  of  the  lack  of  knowledge  noted  here  when  their  results  are  more  complete  and 
generally  available. 

Internal  waves  are  usually  discussed  in  terms  oi  two  primary  physical  models: 

(a)  internal  waves  occurring  at  the  boundary  of  a  desnity-discontinuity 
surface  in  the  ocean  and 

(b)  internal  waves  occurring  in  water  in  which  multiple  layers  are  present 
or  in  which  the  density  is  a  continuous  function  of  depth. 

The  following  description  will  be  oriented  in  the  same  fashion.  It  should  be  emphasized 
that  observations  of  internal  waves,  and  hence  their  characteristics ,  are  primarily 
inferences  made  from  observations  of  other  oceanographic  parameters.  Consequently, 
they  can  often  be  questioned  as  to  whether  the  observed  fluctuations  stem  from  wave 
action  or  from  undetermined  advective  processes.  , 

P .  2 .1  Internal  Waves  at  a  Boundary  Surface _of  Density  Discontinuity  (2-layer  Model) 

The  observed  density  structure  in  the  ocean  frequently  is  such  that  it  can  be  repre¬ 
sented  reasonably  well  by  a  2- layer  model.  For  example,  near-shore  waters  may  be 
made  up  primarily  of  a  relatively  shallow  layer  of  fresh  water  (e.g.,  river  runoff) 
superposed  on  denser,  more  saline  water.  Another  example  is  found  in  water  with  a 
well-defined  thermocline  of  sharply  decreasing  temperature  (and  increasing  density) 
beneath  a  well-mixed  isothermal  layer  extending  to  the  surface.  The  bottom  of  the 
mixed  layer  in  this  case  serves  as  a  density  ‘•'discontinuity.” 

Wave  action  i?  believed  to  occur  along  the  interface  of  such  discontinuities. 

The  waves  can,  to  some  extent,  be  described  mathematically  in  much  the  same 
manner  as  waves  at  the  ocean  surface  or  in  the  atmosphere.  The  waves  are 
described  as  having  their  maximum  amplitude  at  the  surface  of  discontinuity, 
with  vertical  displacements  decreasing  with  distance  both  above  and  below  the 
density  discontinuity.  The  presence  of  internal  waves  is  not  necessarily  related 
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to  the  existence  of  waves  at  the  ocean  surface.  When  occurring  in  relatively 
shallow  depths,  the  internal  wave  action  causes  alternate  zones  of  convergence 
and  divergence  at  the  ocean  surface.  This  process  has  been  observed  to  cause 
alternate  bands  of  ripples  and  slicks— and  distinguishable  bands  of  compacted 
biological  organisms  at  the  surface  of  the  ocean  under  which  the  wave  action  is 
occurring.  The  length  and  periods  of  internal  waves  span  a  ranee  representing 
multiple  orders  of  magnitude  and  are  commonly  treated  as  “short”  or  “long” 
waves  according  to  whether  or  not  the  wavelength  is  small  with  respect  to  the 
thickness  of  the  superposed  layers.  Wavelengths  range  from  a  few  meters  to 
hundreds  of  kilometers,  periods  from  a  few  minutes  to  a  matter  of  days.  The 
wave  motions  need  not  be,  and  usually  are  not.  related  in  any  simple  fashion  to 
wave  motion  at  the  ocean  surface. 

The  amplitudes  of  the  internal  waves  can  be  much  larger  than  those  of 
waves  on  the  surface.  The  density  difference  across  the  discontinuity  is  usually 
very  small;  hence,  the  potential  energy  required  for  the  formation  of  internal 
waves  is  relatively  small.  The  speed  of  wave  propagation,  however,  is  much 
less  than  for  waves  of  equal  length  on  the  surface.  (One  investigator  calculated 
the  ratio  to  be  about  l/30  for  long  waves  of  tidal  period.)  The  inertia  of  such 
waves  shows  a  corresponding  increase.  The  usual  mathematical  treatment  of 
these  internal  waves  indicates  that  the  direction  of  the  water  movement  reverses 
across  the  interface.  Calculations  on  internal  waves  having  the  characteristic 
of  “long”  waves  of  moderate  amplitude  show  horizontal  water  velocities  connected 
with  wave  passage  to  range  from  0.1  to  0.5  knot. 

By  far  the  greatest  number  of  investigators  of  waves  of  this  type  have 
delineated  internal  waves  of  longer  periods,  particularly  of  tidal  periods. 


A  more  complex  mathematical  treatment  has  been  developed  to  describe 
internal  waves,  which  may  be  formed  either  at  multiple  surfaces  of  density  dis¬ 
continuity  or  in  water  in  which  the  density  is  a  continuous  function  of  depth.  The 
solutions  of  the  dynamical  equations  admit  the  possibility  of  families  of  waves 
with  different  periods.  The  number  of  waves  possible  is  a  function  of  the  number 
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of  layers  defined.  When  the  density  is  considered  as  a  continuous  function  of 
depth,  the  number  of  possible  waves  becomes  infinite.  Most  investigators  seek¬ 
ing  to  substantiate  the  models  with  observational  data  utilize  harmonic  and 
spectrum  analyses  to  delineate  the  predominant  periods.  Here  again,  the  most 
frequency  observed  waves  are  those  of  long  period,  usually  clustered  near  semi¬ 
diurnal  or  diurnal  tidal  periods.  The  lengths  of  these  long-period  waves  are 
short,  however*,  in  comparison  with  the  length  of  the  surface  tides.  Amplitudes 
are  large  in  comparison  with  surface  tides  and  commonly  range  to  100  ft  or,  more. 
The  amplitudes  apparently  vary  inversely  with  the  vertical  density  gradients. 

In  some  legions,  these  waves  have  been  observed  to  be  oscillatory,  rather  than 
progressive.  Investigative  work  done  in  coastal  waters  (and  in  model  tank  exper- 
iments)  indicates  that,  in  areas  of  the  ocean  over  sloping  continental  shelves,  the 
internal  waves  of  tidal  character  may  become  standing  waves  as  a  result  of  bot¬ 
tom  topographical  effects.  Under  assumed  realistic  conditions,  such  internal 
tides  would  be  of  the  order  of  from  15  to  20  ft  in  deeper  water,  but  could  theo¬ 
retically  increase  tc  more  than  100  ft  nearer  shore.  The  currents  associated 
with  such  waves  have  been  estimated  to  range  up  to  0.5  knot. 

The  possibility  of  “submarine  surf,”  i.e.,  breaking  internal  w?ves  in  regions 
of  mechanical  instability,  has  been  indicated  both  from  a  theoretical  standpoint 
and  from  observational  data  obtained  in  the  open  ocean  and  in  model  wave-tank 
experiments.  Such  submarine  surf  would,  however,  be  much  less  active  than 
similar  phenomena  at  the  ocean  surface.  Wave  velocities  would  be  much  lower, 
with  relatively  small  amounts  of  energy  involved. 

Although  most  investigations  with  observational  data  have  beer*  concerned 
with  “long”  waves,  theoretical  considerations  of  internal  waves  with  “short¬ 
wave”  characteristics  suggest  the  existence  in  the  ocean  of  “cells”  in  which 
regular  oscillations  of  fixed  period  occur,  as  if  between  fixed  walls.  The  cells 
would  be  of  definite  extent  and  shape,  with  the  period  dependent  on  the  density 
structure  Within  *he  cell  and  the  size  and  shape  of  the  cell  itself.  Many  of  the 
short  temperature  fluctuations  observed  in  the  ocean  -and  previously  ascribed 
to  turbulence  effects— are  now  felt  to  be  probably  the  effects  of  such  cellular 
systems. 
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P.3.0  CAUSES  OF  INTERNAL  WAVES 
P.3.1  Forces  of  Tidal  Period 

That  most  investigators  of  internal  waves  have  delineated  waves  with 
periods  at  or  near  tidal  periods  would  seem  to  suggest  that  the  usual  tidal 
forces  would  be  related  in  a  mathematically  simple  fashion  to  the  occurrence 
of  internal  tides.  This  is  not  the  case,  and  the  absence  of  any  simple  connection 
has  been  substantiated  from  both  theoretical  and  observational  standpoints. 
Refinement  of  the  dynamical  models  to  include  the  effects  of  the  earth’s  rotation, 
however,  provide  a  more  definite  description  of  rescnanee  conditions  favorable 
for  the  generation  of  oscillations  at  internal  discontinuity  surfaces  by  tidal  forces. 
The  rotation  factor  further  enhances  the  indications  for  internal  wave3  with  ampli¬ 
tudes  much  greater  than  those  of  the  surface  tides. 

P.3.2  Aperiodic  Forces 

P.3.2.1  Meteorological 

The  effect  of  meteorological  forces  on  the  generation  of  internal  waves  is 
highly  important.  Because  the  amounts  of  energy  needed  for  the  generation  of 
internal  waves  are  usually  small,  such  waves  can  be  formed  by  the  passage  of 
relatively  mild  meteorological  disturbances.  One  series  of  observations  on 
waves  formed  by  a  passing  moderate  storm  showed  internal  waves  with  a  period 
of  near  6  hr,  wavelength  of  about  40  km,  wave  velocity  between  3  and  4  knots, 
and  maximum  amplitude  of  180  ft.  Other  investigative  work  conducted  on  the 
occurrence  of  internal  waves  at  the  mixed-layer  depth  and  bottom  of  the  thermo- 
cline  has  shown  the  effects  of  meteorological  disturbances.  Internal  waves  with 
large  amplitudes  were  usually  associated  with  the  slow  passage  at  the  surface  of 
strong  weather  systems.  The  divergence  in  surface  waters  resulting  from  the 
passage  of  low-pressure  systems,  or  air-mass  fronts,  is  considered  to  be  a 
“trigger”  mechanism  for  initiating  the  internal  waves.  The  meteorological 
systems,  however,  frequently  move  out  ahead  of  the  slower-moving  internal 
wave.  In  such  cases,  the  wave  has  been  found  to  oscillate  for  days  before  settling 
back  into  the  usual  tidal  pattern.  Active  air-mass  fronts  that  dissipate  over  the 
ocean  can  produce  the  same  effect . 


P.3,2.2  Changes  in  Bottom  Topography 

The  effect  of  bottom  topography  on  the  generation  of  internal  waves  and 
in  changing  their  characteristic  has  been  mentioned  previously.  Evidence 
indicates  that  internal  waves  may  be  formed  in  stratified  water  flowing  over 
bottom-topography  “obstructions.’*  In  particular,  the  effect  of  a  sloping  con¬ 
tinental  shelf  results  in  standing  waves  near  shore  and  progressive  waves  off¬ 
shore,  moving  seaward.  Other  investigations  support  the  existence  of  internal 
surf  in  2-  layer  systems  in  which  the  differences  in  current  velocities  across 
the  interface  is  as  low  as  from  1  to  3  knots.  Such  phenomena  would,  however, 
be  of  a  much  less  violent  character  than  breakers  and  surf  at  the  surface. 

P.3.2.3  Sudden  Changes  in  Surface  and/or  Subsurface  Currents 

It  has  been  suggested  that  sudden  appearances  of  strong  surface  currents 
may  initiate  internal  waves  on  subsurface  interfaces.  Submarine  tidal  currents 
themselves  may  also  gererate  such  waves.  Indeed,  it  is  entirely  possible  that 
many  of  the  fluctuations  interpreted  as  internal  waves  may  well  be  a  reflection 
not  of  true  wave  motion  but  of  advective  processes  associated  with  the  ebb  and 
flow  of  tidal  currents  at  depth. 

In  general,  the  causes  of  internal  waves  in  the  open  ocean,  other  than 
theoretically  possible  relations  with  tidal  resonance,  are  to  a  large  extent  unknown. 
There  is  much  evidence  to  support  the  conclusion  that  they  probably  exist  over 
most  oceanic  areas,  but  all  too  few  data  are  available  to  form  the  bases  for  obser- 
vationally  supported,  operational  working  hypotheses. 

P.4.0  IMPLICATIONS  FOR  OPERATIONAL  USE 
P.4.1  Prediction 

The  most  profitable  activity  to  be  pursued  initially  would  seem  to  be  one 
of  attempting  to  devise  methods  for  predicting  the  existence  and  characteristics 
of  internal  waves  as  they  presently  occur.  The  term  prediction  is  used  here  in 
the  sense  .of  diagnosis  of  their  appearance  at  a  given  time  and  place  in  the  future. 
Such  prediction  techniques  would  serve  both  short-  and  long-term  purposes.  In 
the  short  view,  prediction  and  diagnosis  of  internal  waves,  particularly  those 
occurring  at  the  mixed-layer  depth,  would  have  an  immediate  payoff  in  permitting 


more  accurate  definition  of  the  thermal  and  acoustical  structure  of  the  ocean, 
particularly  in  operationally  significant  areas.  The  means  to  be  used  in  devising 
the  prediction  methods  would  not  be  overly  complex,  and  would  involve  primarily 
the  acquisition  and  interpretation  of  proper  and  sufficient  meteorological  and 
oceanographic  observational  data  in  specified  regions.  The  methods  of  interpre¬ 
tation  can  initially  be  empirically  straightforward.  In  the  long  view,  the  predictions 
would  provide  a  basis  for  closer  consideration  of  control  and  modification  possi¬ 
bilities.  A  reasonably  satisfactory  method  for  predicting  the  future  state  of  such 
disturbances  in  time  and  space  obviously  would  be  vital  to  the  success  and  safety 
of  such  attempts. 

P.4.2  Interference  or  Control 

That  internal  wave  action  is  generally  considered  to  involve  relatively 
small  amounts  of  energy  implies  that  internal  waves  of  considerable  magnitude 
might  be  generated  mechanically.  Particular  operational  procedures  suitable 
for  the  purpose  are  unknown,  nor  are  there  enough  observational  data  yet  avail¬ 
able  for  a  reasonably  precise  assessment.  Presumably,  however,  any  force 
capable  oi  creating  an  initial  disturbance  in  she  existing  temperature  structure 
of  the  water  within  a  restricted  region,  e.g.,  heating  at  the  bottom  or  explosions 
by  conventional  means,  could  possibly  produce  not  only  an  initial  progressive 
internal  wave,  but  a  resultant' oscillatory  wave  for  some  time  into  the  future.  • 

This  would  correspond  to  previously  mentioned  meteorological  effects. 

Once  such  procedures  for  generating  internal  waves  were  available,  how¬ 
ever,  these  low-energy,  artificially  stimulated  phenomena  could  conceivably  be 
used  to  good  advantage,  should  disturbance  of  the  existing  thermal,  density,  or 
acoustical  structure  of  the  „oean  be  desired  for  short  periods  over  restricted 
areas.  At  least  one  investigator  has  suggested,  moreover,  that  internal  waves 
reinforced  by  strong  meteorological  forces  and  tidal  currents —under  optimum 
conditions— could  become  high-energy  phenomena.  Neither  theoretical  nor 
empirical  knowledge  of  internal  waves  is  sufficient,  however,  at  present,  for 
adequate  assessment  of  this  possibility. 
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P. 5.0  RESEARCH  REQUIRED 

P.5.1  Theoretical 

Continuing  research  into  the  basic-  structure  and  dynamics  is  vital,  if 
controi  and/or  modification  is  to  be  considered.  This  is  particularly  important 
in  obtaining  operationally  useful  working  hypotheses  of  the  structure  and  causes 
of  internal  waves  over  the  open  ocean.  More  exact  definition  of  the  relations 
among  coexisting  currents,  state  of  the  sea  surface,  and  internal  waves  of  both 
the  “long”  (tidal)  and  “short”  (cellular)  types  previously  described  is  badly  needed. 

P.5.2  Operational 

Research  along  empirical  lines  would  seem  to  offer  the  most  immediate 
payoff,  especially  in  the  areas  of  prediction  and  diagnosis.  The  models  tested 
for  the  prediction  techniques  would  probably  be  most  useful  from  an  operational 
standpoint  if  they  were  devised  with  empirical  methods.  The  science  to  be  dealt 
with  is  semiexact  because  of  obvious  observational  difficulties.  All  data  that  can 
be  expected  to  be  available  for  operational  use  would  be  subject  to  unavoidable 
and,  to  a  large  extent,  uncorrectable  errors.  These  facts  imply  that  operational 
prediction  models  should  be  developed  primarily  by  averaging  procedures,  e.g., 
siatisti  al  methods.  Such  models  could  be  expected  to  provide  more  operationally 
useful  products  than  those  based  primarily  on  differential  processes  sensitive  to 
an  unrealistic  degree  to  unavoidable  random  errors  in  routine  observational  data. 
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APPENDIX  Q,  INTERNAL  OCEAN  CURRENTS* 

Q.1.0  GENERAL  DESCRIPTION 
Q.1.1  Phenomena  Types 

Here  we  shall  consider  the  purely  internal  modes  of  oceanic  circulation-the 
so-called  thermohaline  currents -and  the  systems  of  undercurrents  in  both  middle- 
latitude  and  equatorial  regions. 

Q.1.2  Characteristic  Geographic  Extent 

An  organized  system  of  internal  ocean  currents  appears  to  be  present  in 
most  of  the  oceans’  bulk,  although  generally  less  intense  than  the  familiar  surface 
currents.  These  internal  currents  appear  to  reach  their  maximum  development 
near  the  continental  boundaries  in  deep  water. 

Q.1.3  Characteristic  Process  and  Property  Involvement 

Q.l.3.1  Basic  Forces 

The  downward  transfer  of  (horizontal)  momentum  and  heat  through  the 
ocean  surface  (Ekman)  boundary  layer. 

Q.1.3. 2  Modifying  Factors 

surface  wind  stress 
surface  ocean  temperature 
ocean  basin  configuration 
eddy  viscosity  of  water 
earth’s  rotation  rate 
coriolls  parameter  variability 
vertical  thermal  stability 
water  buoyancy 
eddy  thermal  diffusion 

Q.1.3. 3  Property  Transports 
water  mass 

water  temperature  (heat) 
water  momentum 

♦By  W.  Lawrence  Gates. 
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Q.1.4  Characteristic  variations  (Life-cycle) 

In  the  bulk  of  the  oceans’  interior,  the  internal  currents  appear  to  be  very 

steady  and  relatively  slow;  no  direct  evidence  of  r  life-cycle  is  available. .  The 

development  of  such  an  internal  circulation  mode  has  been  estimated  [1J  to 

2 

require  a  period  of  the  order  of  1-10  years,  assuming  that  it  is  excited  by 
processes  at  the  ocean  surface. 
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Q.2.0  ASSESSMENT  OF  GEOPHYSICAL  FORCES 

Q.2.1  Basic  Physical  Equations 

(a) 

Equation  of  horizontal  motion: 

~r  =  -  flc  X  V  -  “  Vp  +  Av  —■ 
dt  p  ,  2 

dz 

(Q-l) 

(b) 

Continuity  equation: 

d£_  |9u+9v+8w| 

dt  H  \  9x  9y  dz  j 

(Q-2) 

(c) 

Hydrostatic  equation: 

§5 

i 

ll 

<§j  <§ 

(Q-3) 

(d) 

Equation  of  state: 

P  =  P0  (1  -  «T) 

(Q-4) 

(e) 

Thermal  energy  equation: 

dT  32T 

dt  K  2 
dz 

(Q-5) 

Here  the  symbols  are  defined  as  follows: 

V  =  horizontal  current  vector 
f  =  coriolis  parameter 
It  =  vertical  unit  vector 
p  =  density  (mean  value,  pQ) 
p  =  pressure 

Av  =  vertical  eddy  diffusivity  ( momentum) 
z  =  vertical  coordinate  (upward) 
u  =  eastward  current  component 
v  =  northward  current  component 
w  =  upward  current  component 
a  =  thermal  expansion  coefficient  (water) 
T  =  temperature 

K  =  vertical  eddy  diffusivity  (heat) 
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Q.2.2  Force  Analysis 


TABLE  Q-l 

ESTIMATED  FORCE  MAGNITUDE  AND  SCALE 


Force 


Order  of  magnitude  Horizontal  scale 


Coriolis  force 
(-  ffc  X  V) 


-3  -5  -2 

10  -10  cm  sec 


10  3  km 


Horizontal 
pressure  force 

<  -  p  Vp> 


-3  -5  -2 

10  -10  cm  sec 


103  km 


Vertical 

mixing 

frictional 

force 

(Av  (TV/Oz3) 


-5  -7  -2 

10  -10  cm  sec 


103  km 


Horizontal 

divergence 

(9u/3x  +  3v/9y) 


i -1 

10  sec 


103  km 


Ve>  tical 
divergence 

(Ov.’/Oz) 


,  „-9  -1 

10  sec 


103  km 


Vertical 

pressure 

gradient 

(~Pg) 


3  -2  -2 

10  gm  sec 


Thermal 

expansion 

(-aT) 


10 


-3 


Vertical  heat 
diffusion 

(k82T/8z2) 


,  «-9  ,  -1 

2  0  deg  sec 


103  km 


Vertical  scale 
1  km 

1  km 

0.1  km 

0.1-1  km 

0.1-1  km 


1  km 
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Q.2.3  Characteristic  Structure 

Internal  currents  are  generally  less  strong  than  the  surface  currents, 
although  they  extend  through  a  much  greater  volume  of  water.  The  maximum 
speed  of  internal  or  thermohaline  currents  is  usually  found  close  to  the  con¬ 
tinents  ’  western  shores,  where  speeds  of  the  order  of  10  cm  sec  1  have  been 
reported  at  about  3000  m  depth  [2].  In  the  central  portions  of  the  open  oceans, 
speeds  ot'  1  cm  sec  1  are  more  common.  In  overall  pattern,  these  currents 
are  thought  to  consist  of  an  intense  western  boundary  current  and  a  much  weaker 
poleward  flow  over  the  bulk  of  the  ocean  basin,  coupled  with  a  general  rising 
motion  of  the  order  of  1  cm  day  \  This  overall  circulation  is  apparently 
driven  by  an  intense  surface  cooling  and  consequent  sinking  in  the  North  Atlantic 

and  in  the  Weddel  Sea.  The  total  water  transported  by  these  thermohaline  cur- 

6  3  “1 

rents  has  been  estimated  to  be  of  the  order  of  10-40  X  10  m  sec  [3,4], 
which  is  comparable  to  that  of  the  major  surface  currents.  The  direct  observa¬ 
tional  evidence  of  the  internal  currents  is  at  present  still  quite  limited,  and  the 
above  broad  description  is  dictated  as  much  by  physically-reasonable  theory 
as  by  actual  measurement. 


Q.3.0  ASSESSMENT  OF  GEOPHYSICAL  giNjiituY 


Denoting  kinetic  energy  by  K,  internal  (plus  potential)  energy  by  I,  and 
an  energy  dissipation  process  by  D,  the  energy  budget  of  the  internal  ocean  cur¬ 
rents  may  be  sketched  as  below. 


Fig.  Q-l.  Schematic  energy  budget. 

Q.3.1.1  Storage  Estimates 

(a)  P  =  potential  (plus  internal)  energy  of  internal  currents. 

ixl£«  curr  • 

Assuming  that  the  internal  currents  are  in  approximate  geostrophic  equilibrium 
(except  in  the  western  boundary  regions),  we  may  estimate  that  the  potential 
and  kinetic  energies  are  ox  the  same  order  of  magnitude.  The  potential  energy 
appears  in  the  ecnuiibrium  configuration  of  the  internal  temperature  field,  of 
which  only  a  crude  estimate  can  be  made.  Assuming  a  characteristic  density 
difference  across  the  main  thermocline  (separating  surface  waters  from  deep 

_3 

water)  Ap  -  10  p^,  where  p^  is  an  average  value,  we  have 

P.  .  -  p„  te  (h2). 

mt.  curr.  r0  '  PQ 
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Area  = 


1 


3 

cm 


(^~ )  (104  m2)  *  3  X  108  km*; 
sec 


16 

P.  =  7.5  X  10  cal. 

mt.  eurr. 


Here  we  have  assumed  a  root-mean-square  perturbation  of  10  m  for  tr.e  density 

interface,  and  taken  the  area  as  that  at  the  2000  m  level  in  the  world’s  oceans. 

(b)  K.  ,  =  kinetic  energy  of  internal  currents.  We  may  assume 

v  ’  mt.  curr. 

that  the  kinetic  energy  of  the  strong  internal  currents  at  the  oceans’  western 
boundaries  is  approximately  equal  to  that  of  the  slower  (geostrophic)  internal 
currents  over  the  remainder  of  the  oceans’  bulk.  Selecting  the  latter  for 
estimation,  we  have 

—  2  -3 

K.  .  =  1/2  p.  1 VJ  *  Area  •  depth;  assuming  p„  =  lg  cm  , 

mt.  curr.  ^0  orQ 

-1  18  2 
|Vj  =  5  cm  sec  over  a  depth  of  4000  m  and  an  area  of  3  X  10  cm  (2000  m 

area),  we  find  the  estimate 

1  n  j|c 

K.  ,  =  5.8  X  10  cal. 

int.  curr. 


(c)  P,  =  kinetic  and  potential  (plus  internal)  energy  of  the 

surface  currents.  Assuming  |V|  -  50  cm  sec  1  over  a  depth  of  200  m  and  an 
18  2 

area  of  3  X  10  cm  ,  we  have  the  estimate 


P,  K 


sfc.  curr. 


=  4.5  X  10i7  cal. 


This  estimate  assumes  equipartition  between  the  kinetic  and  potential  (plus  internal) 
energy,  appropriate  to  geostrophic  surface  currents;  the  potential  energy  here  repre¬ 
sented  is,  of  course,  the  available  potential  energy.  The  contribution  of  the  western 
surface  boundary  currents  and  of  the  near-surface  equatorial  undercurrents  is  one- 
third  of  the  total  figure  given. 


*If  the  kinetic  energy  of  the  equatorial  undercurrents  (whose  velocity  maximum, 
however,  occurs  at  about  100  m  depth  and  hence  are  more  properly  “surface”  cur¬ 
rents)  is  included,  this  estimate  is  raised  by  about  50%. 
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(d)  P,  K  _  =  potential  and  kinetic  energy  of  internal  waves-.  This 

energy  would  be  indistinguishable  from  that  of  the  internal  currents  on  a  local 
scale,  and  is  doubtless  more  variable  in  both  space  and  time.  Assuming 

equipartition  between  the  potential  and  kinetic  energy,  we  may  estimate  a  density 

-4  "2"  +2  2 

difference  A p  =  10  pQ,  a  mear.-square  wave  height  (h  )  =  10  m  ,  and  an 

effective  area  of  10%  of  the  oceans’  2000  m  area.  Hence, 


P,  K.  .  =  1.5  X  10  cal. 

mt.  waves 


Q.3,1.2  Transformation  Rate  Estimates 

(a)  Q  =  energy  transmission  rate  due  to  the  downward  diffusion  of  thermal 

energy  from  the  surface  layer.  Under  equilibrium  conditions,  we  may  estimate 

2  2  2  2  -2 
this  rate  as  pc  X  Area  X  Depth  X  9  T/9Z  .  Assuming  9  T/9Z  “1  deg  (km) 

as  a  value  appropriate  in  the  main  thermocline  beneath  the  surface  layer,  assum¬ 
ing  the  specific  heat  c  =  1  cal  g  1  deg  \  and  taking  an  effective  ocean  area  of 
17  2 

3  X  10  cm  ar.d  a  depth  of  1  km  for  the  transmission  process,  we  have 


©  =  X  -  X  3  X  1017  cm2  X  1  km  X 
w  *  g  deg  9 


12  —1 
0  =  3X10  cal  sec 

2  -1 

Here  we  have  also  assumed  a  value  x  =  1  cm  sec  ,  according  to  recent  studies 


(b)  ©  =  energy  transmission  rate  due  to  the  wind-induced  convergence 

-5 

in  the  surface  Ekman  layer.  Assuming  a  downward  vertical  motion  w  =10  cm 

-1  e 

sec  at  the  base  of  the  Ekman  layer  [3, 5, 6]  as  characteristic  of,  say  50%  of  the 

oceans  ’  area,  we  may  estimate  2  from  the  downward  vertical  advection  of  kinetic 

energy  w  9K/9Z  as  ©  =  1/2  p  Area  X  w  X  A|V|  ,  where  jVi  is  the  change  of 
e  ®  2 

squared  speed  through  the  surface  layer  -  |\?|  sfc.  Hence,  taking  V  .  =  00  cm 

1  sic* 

sec  ,  we  find 


©  =  4.7  X  10^  cal  sec  1 
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This  vertical  adveetior.  of  kinetic  energy  is  evidently  an  important  process  for 


the  Kinetic  energy  of  the  internal  currents,  and  bypasses  the  intermediate  stage 
of  potential  and  internal  energy. 

(c)  ©  =  energy  transformation  rate  due  to  the  sinking  of  upper  water 
masses  to  the  deep  ocean,  through  the  combined  action  of  surface  cooling  due  to 
radiation  and  heat  conduction  to  a  cold  overlying  atmosphere.  This  formation  of 
dense  bottom  water  is  believed  to  occur  principally  in  a  restricted  region  of  the 
North  Atlantic  and  in  the  Weddell  Sea  off  Antarctica  [3J.  We  may  estimate  the 
energy  transformation  rate  of  this  process  as 


*  3  -2 

©  =  1/2  (sinking  volume  transport)  X  (area)  . 

6  3 

Assuming  a  total  sinking  transport  of  20  X  10  m  sec  [3]  over  an  area  of 
2 

0.01%  (30,000  km  )  of  the  oceans’  2000  m  area,  we  find  the  estimate 


4.5  X  10  cal  sec 


This  process  is  thought  to  represent  the  major  driving  force  of  the  oceans’  abyssal 
circulation  [3,7],  and  the  above  estimate  is  compatible  with  an  average  sinking 
speed  of  0.1  cm  sec  \ 

(d)  ©  =  energy  transformation  rate  of  the  general  upwelling  motion  of 
the  large-scale  internal  currents.  This  process  occurs  over  the  bulk  of  the 
oceans,  and  is  the  compensation  to  the  volume  transport  of  the  intense  localized 
sinking  of  (3)  above.  From  the  estimate  for  ©  ,  we  may  here  estimate 

@  =  4,3  X  10  5  cal  sec  ^ 


This  is  evidently  an  exceedingly  weak  link  in  the  kinetic  energy  balance  process, 

due  to  the  participation  of  so  large  a  volume  of  water.  The  general  rising  vertical 

-5  -1 

motion  associated  with  this  process  is  of  the  order  of  10  cm  sec  . 

(e)  ©  =  energy  transformation  between  the  kinetic  energy  of  internal 
currents  and  the  potential  (plus  internal)  energy  of  the  internal  stratification. 

This  transformation  is  analogous  to  that  accompanying  baroclinic  instability  in 
the  atmosphere,  and  is  accomplished  by  the  systematic  vising  of  the  warmer 
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fluid  Relatively  little  study  has  been  given  to  the  possible  presence  or  role  of 
such  internal  oceanic  disturbances,  although  there  is  mounting  evidence  of 
marked  spatial  and  time  variability  of  the  interior  ocean  currents  [8].  No  direct 
estimate  is  available  for  this  transformation,  although  we  might  make  an  esti¬ 
mate  by  analogy  with  the  atmosphere.  Assuming  that  the  ratio  between  the  rate 

v 

of  potential-to-kinetin  energy  transformation  in  the  atmosphere  and  ocean  is 
approximately  equal  to  the  corresponding  ratio  between  the  total  kinetic  energies 
(involving  the  implicit  assumption  that  the  present  transformation  is  a  major 
source  of  the  kinetic  energy),  we  may  write 

n 

(g)  _  5  .mass  ocean  jV  ocean T 

^  atmos.  mass  atmos.  x  ,2‘ 

|v  atmos. I 

Assuming  the  ratio  of  masses  is  about  300,  and  taking  V  ocean  =  10  cm  sec  1, 

—  -1  14  -1 

V  atmos.  =  10  m  sec  ,  and  using  the  value  5  =10  cal  sec  ,  [9],  we 

cL  DIDOS  • 


(|)  =  3  X  1012  cal  sec  1 


(f)  (6)  =  energy  transformation  rate  between  the  kinetic  energy  of  internal 
currents  and  the  energy  of  internal  waves.  No  direct  estimate  is  available, 
although  it  would  appear  reasonable  that  there  is  an  energy  flux  to  the  internal 
waves.  This  process  may  be  viewed  as  a  form  of  energy  dissipation  with  respect 
to  the  internal  currents,  although  it  seems  likely  that  it  plays  a  relatively  minor 
role  in  the  total  dissipation  of  the  internal  currents’  kinetic  energy. 

Q.3.1.3  Dissipation  Rate  Estimates 

a)  I>ko£  =  frictional  dissipation  at  the  sea  bottom.  We  may  estimate  this 

dissipation  from  the  general  recognition  that  the  bottom  stress  is  about  0.03  times 

-2 

that  at  the  sea  surface  [10].  Hence,  we  may  take  r,  -  0.03  dyne  cm  ,  and 

bot. 

write  D,  .  =  1  V[  ?,  .  X  Area,  or 
bot.  bot. 


D,  =  1,5  X  10^  cal  sec  * 
bot. 
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Here  v/e  have  used  the  estimates  iV|,  .  -  2  cm  sec  ",  and  taken  the  area  as 

18  2  b0t* 

10  cm  . 

t>)  D  turb  =  kinetic  energy  dissipation  by  internal  turbulence. 
Probably  the  mcst  reasonable  estimate  available  is  that  obtainable  from  the 
statement  that  D  ^  b  is  responsible  for  about  one-fourth  the  dissipation  of 
kinetic  energy  as  is  [1].  Hence,  we  have  the  estimate 


D 


int.  turb. 


=  3.8 


, A8  ,  -1 
10  cal  sec 


This  estimate  is  compatible  with  a  value  of  the  later  eddy  viscosity  coefficient 

7  2-1  o 

A  =  6  X  10  cm  sec  "  in  the  formula  =  volume  •  p  •  AVv  •  vwhen 

2  -16  -1  -2  ~  ' 

V  v  -  10  cm  sec  -mdv  =  2  cm  sec-1.  This  is  within  the  usually  reported 

range  of  106-108  cm2  sec  J  [11  j. 

c)  =  dissipation  of  internal  (thermal)  energy  associated  with  internal 

currents  by  turbulent  diffusion.  Although  no  very  precise  estimate  is  available, 
we  may  proceed  as  in  transformation  (1) :  and  write 

82T 

Dditf.  ■  - volume  *—• 

dZ 

where  p  =  density,  and  c  =  specific  heat.  Assuming  p  =  1  gem  3,  c  =  1  cal  g  1 

-1  2-122  _2 
deg  ,  k  =  0.1  cm  sec  ,  3  T/3Z  =  0.1  deg  km  ,  and  taking  the  oceanic  volume 

24  3 

as  1.2  X  10  cm  ,  we  find  the  estimate 


Dd.ff  =  1.2  X  1012  cal  sec"1 

This  diffusive  heat  loss  may  be  compared  with  the  heat  addition  at  the  sea  bottom, 

—2  -*1 

which  is  of  the  order  of  0.09  cal  cm’4  day"  [12].  For  an  oceanic  bottom  area  of 

..18  2  12  1 
•LU  cm  ,  this  represents  an  energy  input  of  approxii.  \ately  10  cal  sec  . 

d)  ^urb  =  turbulent  dissipation  of  internal  wave  energy.  Since  there  is 

relatively  little  direct  evidence  of  the  structure  and  amplitude  of  internal  waves 

in  the  deep  sea,  it  is  difficult  to  estimate  their  rate  of  dissipation.  From  the 
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decay  estimate  of  long  internal  waves  relatively  near  the  surface  [13j,  we  may 
form  the  estimate 


D.  =  7.5  X  107  cal  sec  1 
turb. 


Here  we  have  used  the  previously  estimated  total  internal  wave  energy 

(P,  K.  .  ).  This  estimate  is  compatible  with  a  dissipation  of  all  internal 

int.  waves 

wave  energy  in  about  2.3  days,  if  no  wave-producing  mechanisms  operated. 

Q.3.2  Instabilities 

The  internal  ocean  currents  have  been  investigated  in  only  a  very  small 
portion  of  the  oceans’  bulk,  and  no  doubt  an  increasingly  complex  picture  will 
come  to  light  as  exploration  continues.  On  the  basis  of  those  few  deep  current 
measurements  now  available  (almost  all  of  which  are  in  the  western  North 
Atlantic),  it  appears  safe  to  estimate  that  a  large-scale  system  of  such  bottom 
and  intermediate-depth  currents  exists  in  the  world’s  oceans.  From  the  present 
measurements  [8],  these  deep  currents  appear  to  be  just  as  variable  in  space  and 
time  as  are  the  more  familiar  surface  currents.  Whether  or  not  these  variations 
are  actual  instabilities  or  the  result  of  wave  disturbance  propagation  or  other 
effects  is  not  known.  There  has  been  a  general  tendency,  however,  to  regard  the 
internal  currents  as  a  relatively  stable  phenomenon  of  primarily  thermal  origin, 
with  a  time  constant  or  response  time  of  many  years  [3, 14]. 
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Q.4.0  MODIFICATION  OR  CONTROL  FEASIBILITY 

Q .4.1  Force  and/or  Energy  Interference 

As  a  preliminary  to  consideration  of  energetic  interference,  let  us  first 

examine  a  summary  of  the  energy  budget  of  the  internal  currents  and  closely 

related  effects.  In  the  diagram  below,  the  energy  transformations  and  dissipa- 

9  -1 

tions  are  in  units  of  10  cal  sec  . 


Fig.  Q-2.  Summary  of  energy  budget. 


Q.4.1.1  Direct  Interference 

A  direct  energetic  interference  with  the  internal  currents  does  not 
appear  feasible  for  at  least  three  reasons:  the  relatively  large  magnitude  of 
the  currents’  energy,  the  organization  of  this  energy  in  a  world-wide  pattern, 
and  the  uncertainty  surrounding  the  distribution  and  behavior  of  these  currents. 

The  cost  and  difficulty  of  the  erection  of  deep  sea  barriers,  for  example, 
appear  more  than  sufficient  to  rule  such  schemes  out  of  practical  consideration. 
Direct  interference  schemes  in  general  here  appear  to  be  particularly  impractical 
in  view  of  the  very  slow  and  sluggish  behavior  of  the  internal  currents. 

Q.4.1.2  Indirect  Interference 

From  the  energy  budget  summarized  above,  it  is  apparent  that  the  energy 
source  for  the  internal  currents  is  within  the  surface  water  layers,  so  that  any 
alteration  of  the  surface  properties  might  be  expected  to  have  repercussions  in 
the  interior.  The  deep  ocean  currents  appear  to  be  driven  or  pumped  primarily 
by  the  thermal  energy  source  of  the  relatively  warm  upper  mixed  layer,  and 
the  aceompaying  downward  diffusion  of  heat  and  momentum  [3, 4],  The  over¬ 
all  pattern  of  deep  and  bottom  currents  appears,  moreoever,  to  he  driven  by 
intense  sinking  in  two  relatively  small  areas:  one  in  the  North  Atlantic  and  one 
in  the  Weddell  Sea.  Although  this  mechanism  evidently  carries  little  energy, 
it  accounts  for  the  bulk  of  the  deep  water  later  set  in  motion  as  internal  cur¬ 
rents.  It  is  thus  conceivable  that  control  or  alteration  of  these  cold  bottom  water 
source  regions  would  alter  the  deep  current  pattern.  At  the  same  time,  however, 
it  is  also  evident  that  bottom  water  will  always  be  formed  somewhere,  and  new 
surface  source  areas  would  hence  be  called  into  play,  with  possibly  only  a 
negligible  influence  on  the  internal  currents  [5],  It  may  be  concluded  that  even 
indirect  alteration  of  the  internal  currents  is  not  feasible. 

Q.4.2  Promotion  or  Suppression  of  Critical  Conditions 

So  little  is  known  concerning  the  overall  dynamics  of  internal  currents  that 
it  is  difficult  even  to  identify  conditions  critical  to  their  existence  and/or  behavior. 
Probably  one  could  cite  the  existence  and  structure  of  the  main  oceanic  thermo- 
cline  itself  as  critical  to  the  thermodynamic  basis  of  the  internal  currents.  The 
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I  removal  or  major  alteration  of  this  feature  would  require  a  fundamental  over- 

j  haul  of  the  ocean’s  heat  balance  and  probably  of  the  atmosphere’s  as  well.  The 

{  strength  of  the  internal  currents  and  of  the  all-important  associated  vertical 

l 

|  motion  can  be  shown,  on  a  steady  state  linear  basis  at  least,  to  be  quite  sensitive 

I  to  the  strength  of  the  assumed  vertical  turbulent  mixing  through  the  thermocline 

!  [15]. 

A  more  specific  process  which  may  be  considered  critical  to  the  internal 
currents  is  the  evidently  major  energetic  role  played  by  internal  baroclinic 
instability.  Again,  however,  this  phenomenon  rests  in  the  large-scale  thermal 
structure  of  the  oceans,  and  alteration  is  not  immediately  suggested.  A  major 
portion  of  the  large-scale  internal  currents  appear  to  be  governed  by  advective 
thermal  processes  [16],  and  it  is  just  the  non-linear  character  of  this  effect  which 
makes  speculation  on  critical  conditions  so  difficult. 

Q.4.3  Survey  of  Simulation  and  Predictive  Capabilities 

Q.4.3.1  Theoretical 

The  systematic  theoretical  study  of  internal  currents  may  be  regarded  as 
having  begun  with  studies  of  the  oceanic  thermocline  [17],  and  the  associated 
field  of  vertical  motions  required  to  maintain  it.  This  is  generally  viewed  as 
i  an  upward  current  in  the  open  ocean,  balancing  the  generally  downward  motion 

b 

l  induced  by  the  convergent  Ekman  layer  [18].  By  coupling  a  prescribed  (although 

i’ 

f  realistic)  distribution  of  such  vertical  motion  beneath  the  thermocline  to  the  world- 

! 

I  wide  deep  ocean  currents,  a  schematic  distribution  of  internal  currents  may  be 

i 

l  constructed  [3,  6, 7].  Viewed  as  driven  by  concentrated  high-latitude  sources, 

these  currents  display  an  intense  western  boundary  flow,  southward  in  the  North 
and  South  Atlantic  and  northward  in  the  Pacific  to  the  latitude  of  Japan.  Some 
recent  observational  evidence  supports  these  speculations  [2],  although  they  are 
based  upon  the  hypothesis  of  steady  frictionless  currents.  The  present  theory 
can  account  quantitatively  for  only  the  gross  picture  of  the  vertical  motions 
associated  with  the  internal  currents  [19];  the  distribution  of  horizontal  currents 
is  at  present  largely  qualitative,  although  shrewdly  designed  to  correspond  to 
known  simple  theoretical  current  systems  on  a  sphere  [20].  All  of  the  theoretical 
studies  of  the  internal  currents  to  date  have  been  made  for  linearized  steady 
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conditions,  and  are  consequently  not  applicable  to  the  study  of  possible  transient 
or  instability  effects.  A  predictive  capability  cannot  be  said  to  exist. 

Q  .4.3.2  Experimental 

The  overall  circulation  pattern  of  deep  and  bottom  currents  has  been 
modeled  in  an  oceanic  sector  of  uniform  depth  through  the  proper  arrangement  of 
(homogeneous)  water  sources  and  sinks  [21],  The  results  are  qualitative,  but 
they  do  support  the  general  notion  of  a  deep  western  boundary  current  (controlled 
by  the  ^-effect),  and  show  a  more-or-less  large-scale  return  drift  in  the  interior. 
More  precise  simulation  of  the  oceanic  case  is  made  difficult  by  the  prominence 
of  the  bottom  Ekman  frictional  layer  in  the  experiments,  and  a  quantitative  pre¬ 
dictive  capability  cannot  now  be  said  to  exist. 

Q.4.4  Research  Required  for  Further  Control  or  Modification  Feasibility 
Assessment 

Q.4.4.1  Theoretical 

Much  further  theoretical  research  is  needed  on  every  aspect  of  internal 
currents;  in  general,  they  are  on  a  much  less  secure  theoretical  basis  than  are 
the  surface  or  wind-driven  currents.  The  removal  of  the  common  assumptions 
of  steady,  linearized  and  generally  frictionless  motion  is  needed,  and  considera¬ 
tion  should  also  be  given  to  the  effects  of  bottom  topography  and  to  the  deep  water 
effects  of  sea-surface  slope.  The  details  of  the  deep-water  thermal  structure  are 
also  virtually  unstudied.  A  major  need  is  the  direct  dynamic  coupling  of  the 
internal  (thermohaline)  currents  with  the  purely  wind-driven  currents.  This  inter¬ 
action  appears  to  be  an  essentially  non-linear  process,  and  the  solution  of  appro¬ 
priate  models  on  high-speed  computers  should  prove  a  fruitful  approach. 

Q.4.4. 2  Experimental 

The  experimental  simulation  of  internal  ocean  currents  has  thus  far  been 
confined  to  highly  idealized  geometry  and  the  use  of  homogeneous  fluid;  •  imoval 
of  these  approximations  would  certainly  represent  a  significant  step  toward  a 
greater  simulative  capability.  Experimental  studies  3hould  also  be  directed  to 
the  problem  of  inducing  appropriate  thermal  circulations  in  the  laboratory,  and 
to  the  problem  of  bottom  topography.  Of  particular  interest  would  be  an 
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experimental  verification  of.  the  gross  structure  of  the  oceanic  thermocline  in 
view  of  its  evident  close  relation  to  the  internal  currents.  In  all  of  these 
investigations,  a  system  of  quantitative  measurements  of  the  internal  temper¬ 
ature  and  velocity  field  would  be  of  great  value. 

Q.4.4,3  Observational 

The  direct  observation  of  the  internal  currents  in  the  ocean  has  barely 
begun,  and  it  is  quite  essential  that  much  further  observational  work  be  carried 
out  in  all  the  world’s  oceans.  It  would  appear  particularly  important  to  verify 
further  the  hypothesized  system  of  deep  countercurrents,  and  to  determine  the 
actual  flow  over  entire  ocean  basins.  The  use  of  deep  floating  buoys  may  be 
suitable  for  such  work  [22,  23].  If  effort  were  focused  on  a  single  ocean  basin, 
for  example,  the  North  Atlantic,  an  adequate  documentation  of  the  larger-scale 
features  of  the  deeper  currents  might  be  obtained  with  a  coordinated  multiple- 
ship  survey  such  as  that  employed  for  surveys  of  the  surface  Gulf  Stream  [24], 
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APPENDIX  R.  TSUNAMI* 

R.1.0  GENERAL  DESCRIPTION 
R.1.1  Phenomena  Types 

Tsunami  are  long  waves  in  the  ocean  excited  by  sudden  disturbances  in 
the  earth’s  crust  caused  by  earthquakes,  landslides,  or  submarine  volcanic 
eruptions  [1,2, 3].  They  are  distinguished  from  surges  by  their  much  shorter 
period  and  by  the  fact  that  the  latter  are  of  atmospheric  (wind)  origin. 

R.1.2  Characteristic  Geographical  Extent 

Tsunami  may  occur  in  any  of  the  world’s  oceans,  but  are  most  common  in 
the  Pacific.  This  is  no  doubt  a  result  of  the  relatively  great  submarine  volcanic 
and  earthquake  activity  in  this  ocean.  Some  tsunami  move  across  the  entire 
ocean  from  the  region  of  their  origin,  and  on  suitably  exposed  coasts  may  mani¬ 
fest  themselves  as  an  abnormally  high  and  possibly  destructive  coastal  wave 
(the  popular  “tidal  wave”). 

R.1.3  Characteristic  Process  and  Property  Involvement 

R.  1.3.1  Basic  Forces 

Sudden  faulting  or  slumping  action  on  the  sea  floor  associated  with  an 
earthquake  or  submarine  volcanic  eruption. 

R.  1.3.2  Modifying  Factors 


(a)  water  depth 

(b)  coastal  configuration 

(c)  ocean  basin  shape 

R-1.3. 3  Property  Transports 

(a)  coastal  sediments 

(b)  surface  kinetic  energy 

*By  Vv.  Lawrence  Gates. 


R.1.4  Characteristic  Variatiors  (life-cycle) 

From  their  point  or  region  of  origin,  tsunami  spread  rapidly  outward 
across  the  ocean,  and  may  even  be  reflected  by  the  submarine  continental 
boundaries.  In  the  open  sea,  their  height  is  usually  small  (rl  ft),  but  on  exposed 
beaches  or  coasts,  the  tsunami  wave  height  often  reaches  30  ft.  The  first  few 
waves  are  the  largest,  with  periods  of  a  few  minutes,  and  are  followed  by  lesser 
waves  for  several  hoars  or  even  days  [4].  The  initial  wave  train  is  the  result  of 
the  slight  dispersion  of  the  tsunami,  while  the  later  waves  are  probably  due  to 
refraction  and/or  reflection  [5]. 


R.2.0  ASSESSMENT  OF  GEOPHYSICAL  FORCES 


R.2.1  Basic  Physical  Equations 


(a)  Equation  of  horizontal  motion: 


dV  =  _  1  1  ar 

dt  p  p  at 

(b)  Continuity  equation: 


(B-l) 


R.2.3  Characteristic  Structure 


Tsunami  are  fast  surface  waves  moving  out  from  a  point  or  line  source, 
usually  a  faulting  or  slumping  action  in  a  submarine  trench  or  trough  [5,  6,  7,  8J. 
These  impulsively  generated  waves  behave  as  though  the  ocean  were  incom¬ 
pressible,  and  move  with  a  speed  of  approximately  500  mph.  Their  wavelength 
is  about  1 00  mi,  so  that  tsunami  behave  as  “shallow  water”  waves  even  in  the 
open  ocean.  The  amplitude  of  tsunami  at  sea  is  usually  undetected  and  is  of 
the  order  of  1  ft.  Upon  approaching  shallow  water  at  a  coast,  the  tsunami  waves 
are  markedly  slowed,  inasmuch  as  their  forward  speed  is  given  very  nearly  by 
VgK",  where  g  is  gravity  and  h  is  the  water  depth.  This  slowing  results  in  a 
large  amplitude  increase  as  the  waves  crowd  together  and  break,  waves  of  over 
100  ft  height  have  been  reported  [8].  The  local  wave  height  is  very  strongly 
influenced  by  the  local  submarine  topography,  with  the  higher  waves  generally 
found  near  submarine  ridges  extending  seaward  perpendicular  to  the  approach¬ 
ing  tsunami  wavefronts.  A  series  of  lesser  waves  usually  follows  the  initially 
highest  waves  within  a  few  hours,  although  some  waves  continue  to  be  observed 
for  days  [4].  No  net  transports  appear  to  be  accomplished  by  tsunami  except 
at  the  shore,  where  modification  of  the  beach  may  be  substantial  [2], 


R.3.0  ASSESSMENT  OF  GEOPHYSICAL  ENERGY 


R.3,1  Energy  Budget 

We  may  sketch  the  overall  energy  budget  j£  tsunami  as  shown  below. 


Figure  R-l.  Schematic  energy  budget. 


R.3.1.1  Storage  Estimates 

P,  .  =  total  potential  and  kinetic  energy  of  the  tsunami  wave  train, 

tsunami 

Here  both  the  potential  end  kinetic  energy  are  considered  together,  as  it  may 
be  assumed  that  the  energy  is  approximately  equally  partitioned  between  them 
as  in  ordinary  surface  waves.  Although  there  is  no  doubt  great  variation  in 
total  tsunami  energy,  estimates  have  been  made  for  several  of  the  better- 

documented  occurrences.  For  the  Alaskan  tsunami  of  9  March  1957,  a  total 

22  23 

wave  train  energy  of  2.5  X  10  ergs  has  been  estimated,  while  7.5  X  10  ergs 

has  been  given  for  the  Chilean  tsunami  of  22-23  May  1960  [9].  Hence,  we  ma 

take  as  an  energy  estimate  lor  a  major  tsunami,  the  figure 


P,  K 


tsunami 


=  2  X 


1015  cal. 


The  energy  of  the  parent  crustal  disturbance  is  quite  difficult  to  estimate, 

23 

although  a  figure  of  10  ergs  has  been  suggested  for  the  9  March  1957  event  [9]. 


R.3.1.2  Transformation  Rate  Estimates 

None.  The  wave  energy  is  continually  being  transferred  between  potential 
and  kinetic  energy  at  the  surface  as  the  wave  progresses. 


^  °turb.  diseip. 
turbulence.  Tsunami 


=  the  energy  dissipation  by  means  of  internal  and  bottom 
often  traverse  the  entire  Pacific  ocean  with  as  much 


apparent  energy  as  near  the  source  region,  and  there  is  relatively  little  dis¬ 
persive  loss  from  the  wave  train  in  the  deep  ocean  [8].  No  direct  evidence 
of  tsunami-induced  motion  near  the  sea-bottom  is  available  for  deep  water. 


Moreover,  it  seems  unlikely  that  bottom  friction  would  have  much  importance 
in  this  connection,  in  view  of  the  likely  decay  of  wave  particle  orbital  speeds 
with  depth  and  the  small  mid-ocean  tsunami  amplitudes.  The  progressive 
amplitude  decrease  of  repeatedly  reflected  tsunami,  however,  provides  a  means 
for  estimating  the  internal  energy  dissipation  rate.  Munk  [4],  for  example,  has 
shown  that  the  tsunami  wave  energy  decreases  by  approximately  e  *  each 
12  hr.  Hence,  we  may  form  the  estimate 


This  energy  loss  rate  also  applies  to  the  time  interval  between  the  originating 
disturbance  and  the  tsunami’s  first  coastal  detection. 

(b)  D  =  tsunami  energy  dissipation  on  coasts.  This  dissipation 

COaStS 

accounts  for  the  bulk  of  the'  energy  of  the  wave  train.  If  we  assume  that  some 
of  the  tsunami  wave  energy  is  reflected  from  coasts  [5],  and  hence  accounting 
for  the  persistence  of  the  wave  train  over  several  days  on  occasion,  we  may 
form  an  estimate  of  the  minimum  energy  dissipation  rate  by  coastal  surf. 
Thus,  assuming  P,  Ktsunami  is  totally  dissipated  in,  say,  10  hours  on  the 
average,  we  have 


Since  most  of  the  tsunami  wave  energy  is  often  locally  dissipated  in  the  first 
few  hours,  the  local  rate  of  dissipation  may  be  an  order  of  magnitude  greater 
than  the  above  estimate.  The  above  dissipation  rate  may  also  be  considered 
to  include  an  allowance  for  average  trans-ocean  travel  time  [10]  at  the  nearly 
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constant  group  velocity  VgFT,  where  g  is  gravity  and  h  the  water  depth. 

R.3.2  Instabilities 

Tsunami  are  the  ocean’s  natural  response  to  a  sudden  disturbance  of  the 
earth’s  crust,  and  as  such  they  are  a  mechanism  for  the  dispersal  of  the  concen 
trated  energy  released  by  the  earthquake,  volcano  or  landslide.  While  certain 
factors  favor  their  local  enhancement,  their  dynamics  display  no  geophysical 
instabilities. 


MODIFICATION  OR  CONTROL  FEASIBILITY 


R.4.1  Force  and/or  Energy  Interference 


R.4.1,1  Direct  Interference 

Summarizing  the  tsunami  energy  budget  as  shown  below,  \  re  may  note  that 
the  total  tsunami 


Figure  R-2.  Summary  ox  tsunami  energy  budget. 


energy  is  comparable  to  that  available  in  atomic  explosives  (10  Kton  bomb  ~ 

15 

10  cal).  Hence,  it  is  quite  feasible  to  directly  cause  a  tsunami  by  a  suit¬ 
ably  placed  atomic  or  nuclear  explosive  in  the  ocean  [11].  Once  a  tsunami, 
whether  natural  or  artificial,  has  been  initiated,  there  appears  little  that  can 
be  done  on  a  direct  basis  to  control  it,  other  than  minimizing  its  destructive 
coastal  effects.  The  tsunami  strength  probably  bears  a  direct  relation  to 
the  intensity  of  the  initial  impulsive  water  displacement  and  to  its  geograph¬ 
ical  arrangement.  Most  natural  tsunami  appear  to  have  line  or  areal 
sources  along  active  fault  zones  or  slumping  regions  [6,  7].  An  artificial 
explosively-generated  tsunami  would  be  a  point  source  of  energy,  and  hence 
would  have  a  different  pattern  of  initial  wave  ray  paths,  and  possibly  a  different 
regime  of  absorption  and  reflection. 
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R.4.1.2  Indirect  Interference 

The  only  apparent  means  of  indirectly  modifying  a  tsunami  is  through  alter¬ 
ation  of  the  local  submarine  topography.  The  height  of  the  wave  on  shore,  and 
hence  its  destructive  power,  is  very  much  dependent  upon  the  geometry  of  the 
local  bottom  contours  over  areas  of  the  order  of  just  a  few  kilometers.  On  a 
large  scale  (ocean-wide)  glancing  incidence  of  the  tsunami  wave  train  on  the 
coast  results  in  generally  lower  wave  heights  [8],  while  normal  incidence  is 
somewhat  more  favorable  for  higher  waves.  These  general  effects,  however, 
may  be  very  much  modified  by  the  refraction  of  waves  around  barriers  and  by 
their  focussing  onto  specific  shore  locations.  Observed  coastal  tsunami  wave 
heights  are  highest  near  submarine  ridges  extending  seaward,  and  lowest  in 
bays  [8].  The  presence  of  off-shore  reefs  greatly  reduces  the  wave  height  on 
the  coast  itself.  Indirect  interference  with  tsunami  waves  by  appropriate  design 
of  shore  barriers  and  harbor  facilities  is  certainly  feasible,  as  is  the  deliberate 

creation  of  tsunami  by  undersea  explosions  in  areas  close  to  vulnerable  .shore 

! 

facilities.  ! 

R.4.2  Promotion  or  Suppression  of  Critical  Conditions 

There  are  no  critical  physical  conditions  associated  with  tsunami,  other 
than  the  effects  of  water  depth  on  tsunami  wave  propagation  and  height.  See 
discussion  under  Section  R.4.1.2  above. 

R.4.3  Survey  of  Simulation  and  Predictive  Capabilities 

R.4.3.1  Theoretical 

The  theory  of  tsunami  is  reasonably  well  developed  as  is  that  of  surface 
long  (or  shallow-water)  waves  in  general.  Once  the  tsunami  wave  train  is 
excited,  its  movement  can  be  predicted  with  reasonable  accuracy:  the  waves’ 
energy  moves  at  the  speed  -Jgfc to  within  a  few  percent,  where  h  is  the  water 
depth  [10]. 

Following  the  tsunami  of  April  1946  in  Hawaii,  the  U.S.  Coast  and  Geodetic 
Survey  established  a  tsunami  warning  service,  by  which  vulnerable  coastal 
areas  are  alerted  following  the  detection  of  a  severe  earthquake  in  the  Pacific 
seismic  troughs.  Unfortunately,  of  earthquakes  of  apparently  identical  seismic 
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intensity,  only  a  portion  actually  give  rise  to  tsunami  [12].  Hence  tsunami 
occurrence  warnings  from  seismic  evidence  alone  are  often  more  precaution¬ 
ary  than  actually  predictive.  The  U.S.C.G.S.  Pacific  warning  system  now 
depends  upon  recorded  wave  heights  [13]  at  a  number  of  ocean  stations.  The 
local  tsunami  wave  height,  however,  is  so  highly  dependent  upon  the  local  water 
depth  pattern  as  well  as  upon  the  incidence  angle  of  the  oncoming  wave  train 
that  it  can  be  predicted  with  only  moderate  accuracy. 

R.4.3.2  Experimental 

Aside  from  the  capability  of  creating  artificial  tsunami.,  an  experimental 
simulation  of  tsunami  behavior  using  electronic  networks  has  recently  been 
developed  [14].  At  the  present  time,  however,  such  experimental  studies  are 
preliminary,  and  cannot  be  said  to  offer  increased  predictive  ability. 

R.4.4  Research  Required  for  Further  Control  or  Modification  Feasibility 
Assessment 

R.4.4. 1  Theoretical 

Further  theoretical  work  is  needed  on  the  mechanisms  of  tsunami  origin 
on  the  ocean  floor,  on  the  problem  of  the  dissipation  and  absorption  of  tsunami 
wave  energy,  and  on  the  details  of  the  wave  refraction  and  breaking  in  shallow 
water.  The  possible  effects  of  the  thermal  stratification  of  the  oceans  on  tsu¬ 
nami  behavior  also  should  be  examined. 

R.4.4. 2  Experimental 

Laboratory  studies  on  tsunami  causative  mechanisms  are  needed,  together 
with  model  studies  in  realistically  shaped  ocean  basins.  Such  studies  now 
assume  even  greater  significance  in  view  of  the  recent  prohibition  of  under¬ 
water  nuclear  explosions.  Since  most  of  the  tsunami  energy  is  in  wave 
periods  of  a  few  minutes,  serious  modeling  problems  may  be  encountered  in 
simulation  with  fluid  tanks.  Further  work  with  electric  network  simulation 
should  also  be  pursued. 


364 


R.4.4.3  Observational 


The  tsunami  recording  network  should  be  extended  to  greater  parts  of  the 
world’s  oceans,  both  to  increase  the  reliability  of  the  tsunami  warning  system 
and  to  provide  more  data  for  research  analysis.  Stations  both  in  the  deep  <y  jsn 
and  at  ciritical  off-shore  locations  should  be  considered. 
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APPENDIX  S.  OCEANIC  VORTICES  AND  TURBULENCE* 


S.1.0  GENERAL  DESCRIPTION 
S .  1. 1  Phenomena  Types 

Oceanic  vortices  of  one  type  or  another  evidently  exist  on  a  very  wide  scale 
in  the  ocean,  extending  from  the  ocean-wide  gyres  of  the  wind-driven  circulation 
to  the  very  small  scale  eddies.  On  certain  scales  within  this  broad  spectrum,  the 
vortices  may  display  a  recognizable  organization  or  coherence  and  be  recognizable 
as  individual  phenomena,  while  these  same  disturbances  may  play  the  role  of 
“turbulent  eddies”  with  respect  to  iarger-scale  vortices. 

S.1.2  Characteristic  Geographic  Extent 

Oceanic  vortices  occur  in  all  the  oceans,  although  certain  types  appear  to 
be  more  common  in  some  locations.  Below  are  summarized  the  characteristic 
space  scale  and  characteristic  geographical  location  of  the  identifiable  oceanic 
vortices. 


TABLE  S  -1 

CHARACTERISTIC  SPACE  SCALE  AND  GEOGRAPHICAL  LOCATION 
OF  IDENTIFIABLE  OCEANIC  VORTICES 


Vortex  phenomenon 

Characteristic 
space  scale 

Characteristic 

location 

1.  Large-scale  wind-driven  gyres 

103-104  km 

all  oceans 

2.  Large-scale  convective  eddies 

103-104  km 

all  oceans 

3.  Surface  current  meanders 
[1,  2,  3,  4,  5,  6] 

10-103  km 

all  oceans  but 

especially  western 
portions 

4.  Internal  current  meanders 

102  km 

all  oceans 

5.  Surface  topographic  eddies 

1-102  km 

coasts  and  convergence 
regions 

6.  Submarine  topographic  eddies 

1-102  km 

all  oceans 

7.  Tidal  current  vortices 

1-102  km 

ail,  but  especially 
coasts 

8 .  Inertial  current  vortices 

1-102  km 

all  oceans  except 

_  '  equatorial  regions 

*By  W.  Lawrence  Gates. 
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Vortex  phenomenon 

Characteristic 
space  scale 

Characteristic 

location 

9. 

Internal  wave  vortices 

10m- 10  km 

all  oceans 

10. 

Small-scale  convective  eddies 

10m-l  km 

all  oceans 

11. 

Sea  surface  wave  eddies 

1-10  m 

all  oceans 

12. 

Finer  grain  turbulence 

1  m 

all  oceans 

5.1.3  Characteristic  Process  and  Property  Involvement 

S.  1.3.1  Basic  Forces 

The  basic  forces  responsible  for  oceanic  vortices  and  turbulence  are 
those  dynamic  and  thermal  forces  causing  oceanic  motion  in  general,  on  all  scales. 

5.1.3. 2  Modifying  Factors 

All  dynamic,  thermal  and  geographic  factors  at  play  in  the  oceans  may  be 
considered  modifying  factors  for  vortex  and  turbulence  production.  Of  particular 
significance  are  the  effects  of  water  depth,  coastal  configuration,  variable  wind 
stress,  and  variable  surface  thermal  energy  balance. 

5.1.3.3  Property  Transports 

All  properties  of  and  suspended  materials  in  the  oceans  are  in  some  way 
transported  by  oceanic  vortices  and  turbulence.  Of  particular  importance  are 
the  transports  of  heat,  mass,  momentum,  salt  and  dissolved  oxygen. 

5.1.4  Characteristic  Variations  (life-cycle) 

Oceanic  vortices  display  a  wide  spectrum  of  time  variation  or  period,  as 
well  as  a  variation  in  their  relative  frequency  of  occurrence.  These  properties 
are  summarized  below  for  the  vortex  phenomena  previously  identified. 
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CHARACTERISTIC  TIME  SCALE  AND 
OCCURRENCE  ESTIMATES 


Vortex  phenomenon 

Characteristic 

time  scale 
- - — 

Characteristic 

occurrence 

1. 

Large-scale  wind-driven  gyres 

1  mo-1  yr 

continuous 

2. 

Large-scale  convective  eddies 

1-102  yr 

continuous 

3. 

Surface  current  meanders  [1,  4] 

10  days 

continuous 

4. 

Internal  current  meanders  [7,  8J 

10— 10^  days 

continuous 

5. 

Surface  topographic  eddies 

1 — 102  days 

continuous 

6. 

Submarine  topographic  eddies  [9] 

10  days 

continuous 

7. 

Tidal  current  vortices 

10  hr 

diurnal  or  semi¬ 
diurnal 

8. 

Inertial  current  vortices 

10  hr 

occasional 

9. 

Internal  wave  vortices  [10] 

1-103  min 

frequent 

10. 

Small-scale  convective  eddies 

10- 103  min 

frequent 

11. 

Sea  surface  wave  eddies 

1-10  sec 

continous 

12. 

Finer  grain  turbulence 

1  sec 

continuous 

S  .2.0  ASSESSMENT  OF  GEOPHYSICAL  FORCES 

5.2.1  Basic  Physical  Equations 

The  equations  basic  to  the  formation  and  behavior  of  oceanic  vortices  and 
the  process  of  turbulent  dissipation  include  all  the  fundamental  equations  for  the 
general  and  total  description  of  the  oceans.  Hence,  we  may  list  the  equations  of 
motion,  the  continuity  equation,  the  thermodynamic  energy  equation  and  an  equation 
of  state.  Included  in  these  formulations  are  the  appropriate  turbulent  and  frictional 
forces. 

5.2.2  Force  Analysis 

All  of  the  forces  in  the  general  dynamic  equations  may  be  regarded  as 
important  for  vortex  and  turbulence  production  on  some  scale,  and  the  magnitudes 
of  these  forces  will  show  the  same  wide  variations  over  many  orders  of  magnitude 
as  do  the  turbulent  vortices  themselves. 


S.2.3  Characteristic  Structure 

Perhaps  the  simplest  summary  of  the  force-related  structure  of  oceanic 
vortices  is  to  estimate  the  size  of  the  characteristic  eddy  diffusion  coefficient. 
This  term  represents  in  a  bulk  fashion  the  frictional  or  turbulent  forces,  although 
here  again  we  should  expect  a  wide  variation. 


TABLE  S-3 

CHARACTERISTIC  HORIZONTAL  EDDY  DIFFUSION  COEFFICIENTS 


(  .11  ■  ■ 

Vortex  phenomenon 

Characteristic  horizontal  eddy 
diffusion  coefficient  (c sec-"*) 

1. 

Large-scale  wind-driven  gyres 
[11,  12,  13,  14] 

106-1010 

0 

AJ  * 

Large-scale  convective  eddies 

106-108 

3. 

Surface  current  meanders 
[15,  12,  14] 

105-108 

4. 

Internal  current  meanders 

105-106 

5. 

Surface  topographic  eddies 

105 

6. 

Submarine  topographic  eddies 

105 

7. 

Tidal  current  vortices 

105 

8. 

Inertial  current  vortices 

105 

9. 

Internal  wave  vortices 

103-104 

10. 

Small-scale  convective  eddies 

103 

11. 

Sea  surface  wave  eddies 

10 

12. 

Finer  grain  turbulence 

<  1 

In  these  estimates  it  has  been  assumed  that  the  horizontal  eddy  diffusion 

coefficient  is  related  to  the  characteristic  space  scale  L  of  the  vortex  or  turbulent 

phenomenon  according  to  L  ,  as  would  be  the  case  if  there  were  a  statistically 

steady  cascade  of  energy  down  the  spectrum  to  the  final  dissipation  by  the  fine 

grain  turbulence.  This  relationship  has  specifically  been  used  to  estimate  the 

coefficient  for  the  vortex  phenomena  (see  Table  5-2?  2.  and  4.-12.).  It  has  been 

4/3 

suggested  that  this  “  L  law”  applies  to  oceanic  turbulence  scales  of 
1  cm-1  m  [16]  and  to  those  in  the  range  1-10  m  [17].  More  recently,  it  has  been 


suggested  that  such  a  relationship  applies  to  the  entirs  range  of  eddy  scales  from 
10  cm  to  1000  km  [18]. 

For  some  of  the  organized  oceanic  vortices  above,  important  turbulent  eddy 
processes  operate  in  the  vertical  direction.  This  is  particularly  the  case  for  those 
phenomena  whose  characteristic  horizontal  dimensions  are  small  compared  to  their 
vertical  dimension.  Estimates  in  these  cases  of  the  characteristic  vertical  eddy 
diffusion  coefficient  are  given  below. 


TABLE  S-4 

CHARACTERISTIC  VERTICAL  EDDY  DIFFUSION  COEFFICIENTS 


Vortex  phenomenon 

Characteristic  vertical  eddy 
diffusion  coefficient  (cm2  sec"1) 

9. 

Internal  wave  vortices  [15,  19] 

1-30 

10. 

Small-scale  convective  eddies 

io2 

11. 

Sea  surface  wave  eddies  [20] 

500-6000 

12. 

Finer  grain  trubulence 

<  10 

Here  there  is  no  apparent  relationship  of  the  eddy  coefficient  to  scale  size, 
and  the  values  are  strongly  influenced  by  friction  at  the  ocean  surface  and  ocean 
bottom,  as  well  as  by  the  characteristic  vertical  structure  of  the  ocean. 

S.3.0  ASSESSMENT  OF  GEOPHYSICAL  ENERGY 

S;3.1  Energy  Budget 

S.3.1.1  Storage  Estimates 

In  the  case  of  those  vortex  phenomena  which  possess  a  characteristic 

structure,  estimates  of  the  total  energy  are  given  below. 

If  we  assume  that  the  energy  of  the  turbulent  vortices  is  distributed  in  a 

(statistically)  steady  fashion  culminating  in  the  final  degradation  into  heat,  the 

energy  could  be  expected  to  be  distributed  over  the  various  scale  phenomena 
'5/3 

according  to  L  ,  where  L  is  the  characteristic  wavelength  of  the  turbulent  pro¬ 
cess  [17,  23].  From  these  characteristic  energy  estimates,  it  appears  that  there 
are  significant  direct  energy  inputs  to  the  vortex  phenomena  selected,  with  only 
an  overall  tendency  for  more  turbulent  energy  to  exist  on  the  larger  scales  of  flow. 
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TABLE  S— 5 

CHARACTERISTIC  STRUCTURE  OF  OCEANIC  VORTEX  PHENOMENA 


-  ' '  ’  —  — - -  — ~  - 

Vortex  phenomenon 

Characteristic  energy  (cal) 

' — . .  "  ’ 

1.  Large-scale  wind-driven  gyres 

1018 

2.  Large-scale  convective  eddies 

io17 

3.  Surface  current  meanders 

1017 

4.  Internal  current  meanders 

io17 

16 

5.  Surface  topographic  eddies  [21] 

10 

6.  Submarine  topographic  eddies 

io16 

7.  Tidal  current  vortices 

io17 

8 .  Inertial  current  vortices 

? 

,  13  16 

9.  Internal  wave  vortices  [22] 

10  -10 

10.  Small-scale  convective  eddies 

? 

11.  Sea  surface  wave  eddies 

io16 

12.  Finer  grain  turbulence  [16] 

io16 

5.3.1.2  Transformation  Rate  Estimates 

None . 

5.3.1.3  Dissipation  Rate  Estimates 

According  to  the  view  taken  above  of  the  distribution  of  the  eddy  diffusion  co¬ 
efficient  and  the  turbulent  energy  with  respect  to  characteristic  eddy  scale,  we  may 
here  assume  that  the  apparent  dissipations  for  one  vortex  phenomenon  are  the  energy 
input  for  another  of  smaller  scale.  Hence,  the  total  net  energy  dissipation  by  friction 
in  oceanic  voi'tices  is  estimated  as  [7]. 

12  -1 

Net  dissipation  =  JO  cal  sec 

It  should  be  again  emphasized,  however,  that  some  of  the  identifiable  vortex  phenomena 
receive  a  direct  input  of  energy  without  its  passage  down  the  spectral  scale  [23].  For 
example,  the  local  wind  field  may  excite  local  surface  current  patterns,  or  intense 
local  surface  cooling  may  initiate  a  convective  overturning.  The  above  estimate  accounts 
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for  only  the  purely  frictional  turbulent  dissipation  in  such  specific  vortex  phenomena, 
and  is  probably  an  underestimate. 

S.3.2 _ Instabilities 

Each  of  the  considered  oceanic  vortex  phenomena  is  the  result  of  certain 
dynamical  and  physical  conditions,  and  are  not  generally  regarded  as  themselves 
displaying  instability.  The  vortices,  in  fact,  may  be  regarded  as  the  result  of  an 
instability  of  a  parent  or  superposed  current  or  oceanic  state. 

S.4.0  MODIFICATION  OR  CONTROL  FEASIBILITY 

5.4.1  Force  and/or  Energy  Interference 

Because  of  the  close  energetic  relations  among  the  various  classes  and 
scales  of  vortex  phenomena,  direct  or  indirect  interference  with  one  particular 
phenomenon  would  have  effects  on  others  as  well.  For  this  reason,  in  addition  to  the 
rather  large  amounts  of  energy  involved,  modification  of  oceanic  vortex  and  turbulent 
phenomena  is  not  in  general  considered  feasible.  In  a  number  of  instances,  certain 
interference  measures  suggest  themselves,  however.  Here  we  may  mention  the 
possible  erection  of  surface  and/or  submarine  barriers  to  deflect  surface  and/or 
internal  currents,  the  forced  vertical  mixing  of  water  to  alter  the  density  and/or 
temperature  stratification  supporting  internal  waves  and  convective  eddies,  and  the 
reduction  of  the  sea  surface  stress  to  suppress  surface  wind  waves.  On  a  local 
scale  and  for  limited  periods  of  time,  it  is  possible  that  interference  with  phenomena 
of  corresponding  scales  could  be  successfully  accomplished,  but  the  broader-scale  effects 
of  so  doing  cannot  be  now  estimated. 

5.4.2  Promotion  or  Suppression  of  Critical  Conditions 
See  Section  S.4.1. 

5.4.3  Survey  of  Simulation  and  Predictive  Capabilities 

A  theoretical  and  experimental  basis  for  a  number  of  the  oceanic  vortex 
phenomena  now  exists  or  is  under  development  (see  Table  S-6). 

The  only  phenomena  (of  Table  S-6)  for  which  an  adequate  predictive  capability 
could  be  said  to  exist  are  the  tidal  current  eddies  (entailing  the  prediction  of  the 
tidal  current  itself),  and  the  sea  surface  wave  eddies  (depending  upon  prediction 
of  the  surface  wind).  The  term  “adequate”  in  other  cases  indicates  that  the 
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TABLE  S-6 

STATUS  OF  THEORETICAL  AND  EXPERIMENTAL- PREDICTIVE  CAPABILITIES 

FOR  OCEANIC  VORTEX  PHENOMENA 


Vortex  phenomenon 

1.  Large-scale  wind-driven  gyres 

2.  Large-scale  convective  eddies 

3.  Surface  current  meanders 

4.  Internal  current  meanders 

5.  Surface  topographic  eddies 

6.  Submarine  topographic  eddies 

7.  Tidal  current  eddies 

8.  Inertial  current  eddies 

9.  Internal  wave  vortices 

10.  Sea  surface  wave  eddies 

LI.  Finer  grain  turbulence 


Theoretical 

basis 


Tentative  [6] 
Tentative  [6] 
Adequate 
Adequate 
Tentative  [22] 
Adequate  [26] 
Tentative  [15] 


Experimental 

basis 


Adequate  [13]  Adequate  [24] 

Tentative  [25] 

Tentative  [6]  Tentative  [24] 


Tentative  [24] 


Adequate  [2*] 


general  pattern  of  the  vortex  phenomenon  is  well  depicted  by  theory  or  experiment, 
while  “tentative”  indicates  only  a  beginning  in  this  direction.  No  significant  simula¬ 
tion  by  either  theory  or  experiment  is  indicated  by  a  dash. 

S.4.4  Research  Required  for  Further  Control  or  Modification  Feasibility  Assessment 


S.4.4,1  Theoretical  and  Experimental 

The  above  survey  of  the  simulation  and  predictive  capability  for  oceanic 
vortex  phenomena  serves  as  a  convenient  guide  to  those  areas  where  further 
theoretical  and  experimental  research  is  needed.  We  may  note  particularly  the 
lack  of  suitable  experimental  capability  for  most  phenomena,  and  a  general  need 
for  further  theoretical  research  on  a  number  of  scales.  In  particular,  those  phenomena 
related  to  the  interior  or  deep  ocean  are  inadequately  understood,  and  the  thermal- 
dynamic  interactions  in  all  phenomena  need  further  attention. 


S.4.4. 2  Observational 

Perhaps  the  greatest  hindrance  to  a  more  adequate  modification  or  control 
assessment  is  the  general  paucity  of  suitable  observations  for  most  of  the  oceanic 


vortex  phenomena.  This  is  particularly  true  for  the  internal  oceanic  vortices 
and  those  in  the  deep  sea.  The  relatively  few  observations  available  suggest  a 
marked  variability,  with  significant  and  widespread  departures  from  a  supposed 
mean  state  [21,  27].  Observational  programs,  moreover,  have  to  be  rather  care¬ 
fully  designed  to  resolve  adequately  the  scale  of  the  phenomena  sought,  and  should 
not  be  expected  or  interpreted  to  apply  to  other  vortex  scales.  The  question  of  the 
energetic  relationships  in  the  spectrum  of  oceanic  vortices  and  their  roles  aB 
turbulent  phenomena  is  fundamentally  involved  here,  and  observational  programs 
must  be  designed  accordingly  [28,  29]. 
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APPENDIX  T,  SOIL  TRAFPICABILITY* 


T.1.0  Discussion 

The  ability  of  wheeled  or  tracked  vehicles  to  traverse  land  surface  (off-road) 
is  of  considerable  importance  in  military  operations  and  is  a  matter  in  which  there 
are  numerous  considerations.  Generally  speaking,  the  performance  capability  of  a 
given  vehicle  depends  on  its  mechanical  features  and  the  land  features — terrain,  sur¬ 
face  conditions  (e.g.,  vegetation),  and  the  soil’s  physical  characteristics.  Herein, 
consideration  shall  be  given  primarily  to  the  soil’s  physical  characteristics  as  they 
relate  to  traffioability  and  in  turn  to  geophysical  processes  or  factors.  It  will  be 
assumed  that  the  soil  surface  geometry  (terrain)  and  surface  conditions  are  con¬ 
stant  and  that  the  vehicle  mechanical  design  features  are  specified,  the  aim  being  to 
consider  means  of  altering  soil  physical  properties  to  enhance  its  capability  to  sup¬ 
port  vehicular  traffic. 

Bekker  [1]  has  proposed  that  a  statistical  value  of  soil  trafficability  (ST)  may 
be  determined  with  the  following  expression: 

(ST)  =  f  (y,  C,  0 ,  k,  n,  Kx,  Kg,  hw,  ld,  lw,  h)  .  (T-l) 

where  y ,  <p ,  and  C  express  specific  gravity,  friction,  and  cohesion,  respectively; 
k,  n,  K^,  and  Kg  are  soil  structural  constants;  and  the  last  four  (h^,,  1^,  lw,  and  h) 
specify  the  terrain  roughness.  Actually,  this  expression  serves  as  a  definition  of 
that  portion  of  trafficability  which  depends  on  the  soil’s  physical  properties.  The 
difficulty  of  translating  these  independent  variables  into  a  form  which  would  permit 
evaluation  of  a  change  of  soil  properties  on  (ST)  is  obvious.  This  results  from  the 
fact  that  the  structural  constants  (k,  n,  K^,  and  Kg)  are  empirical  and  have  no  appar¬ 
ent  physical  significance. 

*By  Roger  M.  Jorden- 
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An  alternative  approach  to  evaluating  the  trafficability  of  a  given  soil  has  been 
developed  by  the  Corps  of  Engineers.  With  this  method,  the  trafficability  can  be  esti¬ 
mated  on  the  basis  of  a  single  soil  strength  index,  “soil  cone  index”.  This  index  is 
obtained  by  field  measurement  of  the  force  required  to  move  a  “cone  penetrometer” 
through  the  soil  at  a  given  depth.  This  method  has  been  criticized  [1]  but  has  proven 
to  be  quite  functional  for  many  military  purposes.  As  with  the  former  soil- traffica¬ 
bility  relationship,  this  approach  does  not  provide  a  basis  for  delineating  the  effect 
of  various  soil  properties  on  trafficability.  To  circumvent  this  difficulty,  studies 
have  been  conducted  on  specific  soils  to  demonstrate  the  relationship  between  cone 
index  and  sv.ch  properties  as  soil  moisture  content  and  density  [2],  Bearing  in  mind 
that  the  objective  is  to  consider  ways  of  improving  a  soil’s  trafficability  rather  than 
vehicle  design,  it  appears  that  theoretically,  there  are  two  basic  approaches;  one  is 
to  alter  or  control  the  soil’s  environment,  and  the  second  is  to  directly  treat  the 
soil  (e.g.,  mechanically  or  with  additives).  The  environmental  approach  will  be  con¬ 
sidered  first. 

Theoretically,  if  the  rates  and  factors  of  soil  formation  were  known  and  were 
predictable,  and  soil’s  physical  and  chemical  properties  could  be  related  to  traffica¬ 
bility,  it  would  be  possible  to  modify  a  soil  to  one’s  own  advantage.  Even  though  we 
have  limited  knowledge  of  the  latter  relationship,  it  would  seem  justifiable  to  consi¬ 
der  our  present  knowledge  of  soil  formation  or  genesis  in  an  attempt  to  assess  the 
feasibility  of  this  approach. 

Our  present  knowledge  of  soil  genesis  is  at  a  more-or-less  descriptive  stage 
and  is  sufficient  only  to  the  extent  that  it  may  enable  one  to  understand  in  a  general 
way  why  broad  soil  types  have  formed.  Generally  speaking,  soil  genesis  consists 
of  two  simultaneous  processes.  They  are  the  accumulation  of  the  parent  materials 
and  differentiation  of  the  soil  horizons  in  the  profile.  The  latter  has  been  broken 
down  into  changes  caused  by  addition,  removal,  transfer  and  transformation  on  or 
within  the  soil  profile.  It  may  be  that  any  of  these  processes  or  any  combination  of 
them  may  be  going  on  simultaneously  to  either  differentiate  or  homogenize  the  soil. 

It  is  the  balance  of  these  individual  processes  that  dictates  the  particular  physical 
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and  chemical  state  that  a  soil  profile  possesses  at  a  given  time. 

Jenny  [3]  in  attempting  to  evaluate  the  formation  of  soils  listed  five  factors 
which  he  felt  were  effective:  climate,  organisms,  topography,  parent  material  and 
time.  The  climate  characteristics  considered  were  precipitation  (intensity,  total, 
time,  and  distribution),  and  temperature  (average  and  variations),  with  due  consider¬ 
ation  given  to  micro-  and  paleo-climatology.  The  three  types  of  organisms  that  have 
been  considered  are  microorganisms,  flora  and  fauna.  The  types  of  parent  material 
considered  are:  unconsolidated,  consolidated,  organic  material,  and  mature  soils. 

For  some  of  these  factors,  general  relationships  have  been  developed  for  certain  phys¬ 
ical  or  chemical  properties.  To  mention  a  few:,  yearly  precipitation  vs.  %  clay  content 
in  the  upper  six  inches  of  soil,  general  climate  vs.  type  of  exchange  cations,  yearly 
precipitation  vs.  depth  to  zone  of  lime  accumulation,  general  climate  and  soil  type 
vs.  number  of  microorganisms  per  mass  of  soil  (broken  down  into  bacteria,  actino- 
mycetes,  and  fungi),  and  van’t  Hoff’s  rule  has  generally  been  found  to  be  applicable 
to  soil  chemical  reactions  (for  every  10°C  rise  in  temperature,  the  rate  of  a  chemi¬ 
cal  reaction  increases  by  a  factor  of  two  or  three) . 

In  addition,  descriptions  of  soil  forming  processes  have  been  developed  for 
some  of  the  general  soil  categories  (e.g.,  Podzols  and  Laterites).  These  descrip¬ 
tions  normally  specify  the  general  climatic  conditions  and,  sometimes,  vegetation, 
w'hereas  for  some  soil  types  the  climate  and  vegetation  are  not  specified  but  the 
type  of  parent  material  and  topography  are.  For  most  of  these  categories,  theories 
have  been  developed  that  adequately  account  for  the  chemical  environment,  and  how 
this  relates  to  the  translocation  of  such  things  as  iron,  aluminum,  silica,  and  clay 
within  the  soil  horizon. 

There  are  some  specific  examples  that  may  indicate  the  magnitude  of  the  mini¬ 
mum  time  necessary  for  soil  development.  In  1699,  the  Kamenetz  Fortress  in  the 
Ukraine  (20  in.  precipitation  annually)  was  abandoned.  In  1930,  231  years  later,  it 
was  found  that  12  inches  of  soil  had  developed  on  the  limestone  buildings.  The  soil 
was  remarkable  similar  to  the  surrounding  soil  which  had  also  developed  on  lime¬ 
stone.  The  1883  explosion  of  Krakatoa  deposited  some  100  feet  of  volcanic  ash  on 
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the  island  of  Lang  Eiland.  Twenty  years  later,  a  fertile  soil  had  developed 

From  this  general  description  of  our  present  knowledge  of  the  process  of  soil 
development  as  it  relates  to  the  geophysical  environment,  several  things  become 
apparent.  First  of  all,  these  concepts  would  not  allow  one  to  predict  local  soil  con¬ 
ditions  even  to  the  extent  of  our  present  knowledge  (e.g.,  Table  A- VIII,  [4]),  and 
especially  in  terms  of  soil  physical  characteristics  which  may  be  related  to  com¬ 
parative  trafficability.  In  addition,  these  concepts  would  prove  of  little  use  in  pre¬ 
dicting  the  effect  of  geophysical  modification  (e.g.,  climate)  on  soil  trafficability, 
other  than  such  advantages  as  the  reduction  or  control  of  precipitation  to  maintain 
natural  soil  stability,  and  the  modification  of  temperature  to  control  permafrost 
conditions.  To  date,  the  only  approach  to  improving  a  soil’s  trafficability,  other  than 
by  compaction,  has  been  with  (a)  the  addition  of  compounds  to  solidify  or  stabilize 
soils,  and  (b)  the  application  of  dustproofing  or  waterproofing  compounds  to  modify 
soil  moisture.  Soil  stabilization  is  not  considered  here. 

The  philosophy  underlying  efforts  to  improve  trafficability  by  waterproofing 
a  soil  surface  results  from  the  fact  that  even  moderate  changes  of  soil  moisture 
content  significantly  alter  the  trafficability  of  a  given  soil.  It  is  reasoned  that 
most  naturally-  occurring  fine-grained  soils,  when  compacted  sufficiently  at  an 
appropriate  water  content,  will  provide  a  medium  that  will  meet  most  military  off¬ 
road  requirements.  Infiltration  of  water  from  even  moderate  amounts  of  precipita¬ 
tion  may  render  such  a  soil  untrafficable.  A  very  useful  material  then  would  be  one 
that  could  be  readily  applied  in  moderate  amounts  to  the  soil  surface  and  be  capable 
of  preventing  the  ingress  of  moisture  in  order  to  retain  the  natural  stability  of  a 
soil,  and  thus  make  that  soil  trafficable  during  wet  weather.  Since  1954,  the  U.S. 
Army  Engineer  Waterways  Experiment  Station  has  been  conducting  research  on 
soil  waterproofing  materials  [6,  7].  Recently,  soil  stability  requirements  have  been 
established  that  would  prove  useful  in  evaluating  such  materials  [5],  Some  selected 
materials  have  been  tested  in  the  field  and  in  the  laboratory  on  a  variety  of  soil 
types  under  a  variety  of  conditions. 


381 


The  latest  testing  program  [7}  was  a  two-phase  laboratory  study  in  which  the 
primary  objectives  were:  (a)  to  determine  the  waterproofing  ability  of  a’l  aniline- 
furfural  resin,  a  MCO  cutback  asphalt,  a  siliconate  salt,  a  quanternary  ammonium 
chloride,  and  a  commercial  road  oil  on  five  soils  of  different  origins  ranging  from 
a  silt  to  a  plastic  clay,  and  (b)  to  conduct  preliminary  evaluations  of  the  soil  water¬ 
proofing  ability  of  new  and  untested  materials.  The  most  significant  conclusion  was 
that  the  aniline-furfural  resin  was  the  superior  additive,  and  was  found  to  be  a  highly 
effective  and  versatile  waterproofs?  of  soils.  In  addition,  some  of  the  new  materials 
showed  sufficient  promise  to  justify  further  field  and  laboratory  testing. 
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APPENDIX  U.  HYDROLOGY* 


U.1,0  EVAPORATION  MODIFICATION 

Essentially  all  of  the  work  to  date  on  retardation  of  evaporation  by  monolayers 
has  been  conducted  over  fresh  or  non-saline  waters.  Since  the  evaporation  retarda¬ 
tion  efficiency  of  a  given  compound  is  effected  by  the  chemistry  of  the  water,  con¬ 
taminants  which  may  be  incorporated  in  the  monolayer,  bacterial  action,  and  more 
important  wind  and  wave  action,  it  would  seem  that  results  of  studies  on  relatively 
smail  bodies  of  fresh  water  should  be  extrapolated  to  oceanic  evaporation  retarda¬ 
tion  with  caution.  The  implied  intent  is  to  utilize  monolayers  to  retard  evaporation 
from  large  areas  of  the  oceans  to  accomplish  weather  modification.  Nevertheless, 
the  more  recent  results  from  fresh  water  studies  shall  be  reviewed  along  with  work 
relating  to  saline  waters  since  they  may  shed  light  on  the  general  nature  of  the 
phenomenon  as  well  as  indicate  some  of  the  problem  areas  that  need  further  research. 

The  only  piece  of  literature  found  that  pertained  to  saline  water  described  some 
laboratory  studies  [1],  using  a  synthetic  sea  water  in  which  the  effect  of  wind  was  not 
investigated.  One  of  the  more  pertinent  conclusions  reached  was  “...  that  the  dis¬ 
solved  particles  from  the  salts  in  solution  interfere  with  the  effectiveness  of  the 
monomolecular  film  in  retarding  water  evaporation.”  It  was  suggested  that  the 
"...  ions  physically  interfere  with  true  orientation  (i.e.,  canting  of  the  vertical 
aligned  molecules)  of  the  monolayer  molecules  and  thus  leaves  openings  through 
which  water  molecules  may  escape.”  In  fact,  it  was  found  in  applying  an  octadecanal 
(C1  )  and  hexadecanal  (C,  )  mixture  to  a  solution  in  which  NaCl  concentration  was 

lo  10 

varied  from  0  to  20%  (by  weight)  that  the  maximum  evaporation  rate  occurred  at  a 
NaCl  concentration  of  3.5%  (the  equivalent  total  dissolved  solid  concentration  of 
sea  water).  With  no  film,  the  evaporation  rate  continuously  decreased  as  the  salt 
concentration  increased  from  0  to  20%. 

*By  Roger  M.  Jo~den. 
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Also  some  of  the  studies  on  fresh  water  indicate  that  serious  problems  may 
be  encountered  in  reducing  evaporation  from  sea  water.  The  most  apparent  serious 
problem  is  the  detrimental  effect  of  wind.  For  example,  it  has  been  concluded  from 
the  Bureau  of  Reclamation  studies  [2,3]  that  it  is  impractical  if  not  impossible  to 
maintain  any  appreciable  monomolecular  film  coverage  when  winds  reach  15  to  20 
mph.  Also  their  large  scale  field  tests  indicate  that  for  a  given  situation  (i.e., 
climate  and  water  temperature)  specific  methods  of  application  of  compounds  of 
unique  specifications  may  be  required  for  optimum  results.  Moreover,  for  large 
fresh  water  lakes,  the  films  must  be  replenished  daily.  Thus  large  quantities  of 
material  may  be  required  to  continuously  modify  evaporation  in  a  given  region, 
since  the  apparent  rates  of  application  are  of  the  order  of  0.2  to  0.4  lb/'ac/day. 

Obviously,  for  a  monolayer  to  retard  evaporation,  it  should  provide  complete 
and  continuous  coverage  of  a  surface.  Wave  action  tends  to  rupture  a  monolayer 
surface.  Therefore,  the  property  of  “self  healing”  after  rupture  by  wave  action  is 
an  important  characteristic.  Barnes  and  LaMer  [4]  have  found  that  liquid  mono- 
layers  of  C  (stearyl)  alcohols  spread  spontaneously  or  are  good  “self  healers” 
whereas  the  (cetyl)  alcohols  are  superior  retardants  but  do  not  spread  spon¬ 
taneously.  Thus  these  laboratory  studies  indicate  that  a  mixture  of  these  two  com¬ 
pounds  should  prove  to  be  the  superior  retardant  for  field  use. 

It  seems  apparent  that  the  studies  cited  indicate  that  some  serious  problems 
may  be  encountered  in  evaporation  retardation  from  the  oceans  by  the  application 
of  monolayers.  The  major  problem  is  that  winds  tend  to  break  up  and  laterally 
transport  a  monolayer  and  make  it  ineffective  when  speeds  reach  15-20  mph. 

Also,  there  appears  to  be  a  “chemical  effect”  that  reduces  the  evaporation  reduc¬ 
tion  efficiency  of  a  monolayer.  The  minimum  reduction  of  evaporation  due  to  the 
“chemical  effect”  appears  to  be  near  the  total  dissolved  concentration  of  sea 
water. 

If  serious  consideration  is  being  given  to  the  use  of  monolayers  on  the  ocean 
surface  to  attempt  weather  modification,  then  a  need  for  additional  research  is 
clearly  indicated.  This  should  conceivably  take  the  form  of  research  that  has 
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been  directed  toward  use  of  monolayers  on  fresh  water.  Laboratory  studies  should 
be  conducted  to  select  the  more  promising  compounds  or  mixtures  and  methods  of 
application,  as  well  as  examining  some  specific  deleterious  effects  (e.g.,  chemical, 
bacteriological,  photochemical,  or  temperature).  Results  from  this  work  should 
then  be  utilized  to  design  field  experiments,  if  conditions  so  warrant.  It  should  be 
pointed  out  that  difficulties  may  be  encountered  in  actually  determining  evaporation 
reduction  in  the  field. 

Basically  there  are  two  ways  of  determining  evaporation  reduction:  water 
budget  and  energy  budget  methods.  It  has  been  found  [5]  that  significantly  different 
results  are  obtained  when  different  methods  of  analysis  are  applied  in  fresh  water 
lake  studies  (where  they  have  somewhat  of  a  confined  system  for  determining  the 
water  budget). 
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U.2.0  WATER  TABLE  MODIFICATION 

Because  of  the  fact  that  depth  to  a  water  table  has  an  influence  on  a  local 
economy  (e.g.,  flooding  or,  conversely  a  lack  of  water  due  to  great  depth),  geo¬ 
physical  warfare  connotations  are  implied.  The  three  controls  to  accomplish 
modification  of  water  table  depth  are  evaporation,  precipitation,  and  runoff. 

Construction  or  subversive  control  of  existing  dams  and  channels  are  the 
principal  means  of  establishing  runoff  control  for  geophysical  warfare  (GW)  pur¬ 
poses.  These  might  be  accomplished  by  espionage  agents  giving  deliberately  erron¬ 
eous  hydrologic  advice  to  a  “naive”  nation,  or  control  of  waters  originating  outside 
a  nation  being  attacked.  Runoff  control  is  not  considered  further  because  of  the 
unreasonable  nature  of  any  of  the  mentioned  approaches  (with  the  possible  exception 
of  the  last,  which  poses  no  threat  to  the  U.S.).  Insidious  evaporation  and  precipita¬ 
tion  modification  techniques  are  wichin  the  state  of  the  art,  and  are  considered 
elsewhere  in  this  report. 
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U.3.0  SOIL  PERMEABILITY  MODIFICATION 

Several  U.S.  government  agencies  have  been  interested  in  methods  of  altering 
the  permeability  of  the  ground  surface  for  various  reasons.  In  general,  the  efforts 
have  been  to  increase  permeability  in  some  cases  and  decrease  it  in  others. 

Clay  bearing  soils  with  a  high  sodium  content  can  be  made  more  permeable 
by  the  addition  of  flocculating  agents.  The  application  of  gypsum  at  a  rate  of  100 
pounds  per  1000  square  feet  has  been  found  effective  in  increasing  the  permeability 
of  some  such  soils.  This  method  is  inexpensive  but  does  not  compare  in  efficiency 
with  the'  more  expensive  commercial  soil  conditioners  which  function  as  chelating 
agents.  There  has  been  some  success  but  relatively  little  work  on  the  use  of 
electric  fields  to  increase  permeability. 

The  main  efforts  for  reducing  permeability  have  been  directed  to  the  problem 
of  reducing  seepage  from  reservoirs.  Addition  of  bentonite-type  clays  has  been 
found  to  be  effective  as  a  lining  agent  in  addition  to  such  materials  as  Portland 
cements,  asphaltic  cements,  vinyl  plastics,  and  various  emulsified  asphaltic  com¬ 
pounds. 

The  implied  problems  relating  to  the  logistics  necessary  for  utilizing  such 
techniques  essentially  rule  out  permeability  modification  from  further  considera¬ 
tion.  Furthermore,  the  impact  on  a  national  economy  by  modifying  permeability 
is  thought  to  be  relatively  small.  The  most  reasonable  approach  that  appears  is  that 
of  giving  deliberately  erroneous  advice  to  a  “naive”  nation.  It  is  conceivable  that 
this  might  be  effective  against  a  small  nation  having  little  technical  know-how,  but 
not  against  the  U.S. 
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U.4.0  HYDROLOGIC  FACTORS 


In  Man’s  efforts  to  modify  his  environment  to  his  own  advantage,  it  has  been 
found,  in  certain  cases,  that  geophysical  processes  are  initiated  which  may  be  detri¬ 
mental.  Some  such  cause  and  effect  relationships  are  worth  examining  in  light  of 
their  GW  implications. 

The  development  of  oil  deposits  and/ or  the  withdrawal  of  ground  water  at  a 
rate  that  exceeds  natural  replenishment  has  in  cases  resulted  in  earth  subsidence. 
One  school  of  thought  is  that  subsidence  occurs  where  a  decrease  of  hydrostatic 
head  has  resulted  in  the  dewatering  of  clays  or  clay  bearing  strata.  The  area  of 
subsidence  generally  corresponds  to  the  area  of  pressure  decline  and  the  two  are 
often  separated  by  a  considerable  time  lag.  The  magnitude  of  subsidence  ranges  to 
as  high  as  20  feet  (Long  Beach,  California).  The  effects  generally  are  characterized 
by  the  cracking  of  structures  [6,7]  or  may  result  in  land  submergence  at  high  tide  [8]. 
The  recent  failure  of  Los  Angeles’  Baldwin  Hills  Dam  (estimated  $50  million  damage) 
has  been  attributed  by  some  to  earth  subsidence  due  to  ground  water  and  oil  with¬ 
drawals  [9]. 

Most  of  the  documented  cases  of  water -leveMnduced  subsidence  are  related 
to  pumping  withdrawals.  Presumably  subsidence  could  be  fostered  by  decreasing 
natural  ground  water  recharge  (e.g.,  decreasing  infiltration  or  precipitation),  assum¬ 
ing  this  would  cause  a  sufficient  lowering  of  hydrostatic  head.  Precipitation  modifi¬ 
cation  might  produce  such  a  side  effect  in  addition  to  altering  total  water  supply. 

The  obvious  difficulty  of  execution,  control,  and  prediction  of  subsidence  com¬ 
pared  with  the  GW  effectiveness  apparently  excludes  this  phenomenon  from  serious 
consideration  as  a  GW  alternative.  However,  this  effect  should  be  recognized  when 
evaluating  the  many  effects  of  weather  modification. 

Another  geophysical  consideration  of  weather  modification  relates  to  varia¬ 
tions  of  loading  the  earth’s  surface.  Assuming  that  significant  changes  in  continen¬ 
tal  moisture  distribution  could  be  accomplished  through  weather  modification,  sev¬ 
eral  geophysical  responses  might  occur.  For  example,  Munk  and  MacDonald  [10, 
p.  238]  have  suggested  that  changes  in  ground  water  storage  due  to  man’s  activities 
produce  an  observable  motion  of  the  earth’s  poles.  AI30,  it  is  possible  that  storage 


-  >  - 

changes,  (ground  water  and  surface  water)  may  contribute  to  crustal  deformation. 

It  seems  that  these  factors  should  be  mentioned  even  though  they  do  not  represent 
promising  GW  alternatives. 

Diversion  of  the  flow  of  a  large  river  system  may  have  a  serious  effect  on 
port  utility,  and  especially  inland  navigation.  A  means  of  accomplishing  this  is 
through  induced  “stream  piracy”.  The  lower  Mississippi  River  is  a  classic  example 
of  this  phenomenon.  Anancient  stream  meander  of  the  Mississippi  River,  called  Old 
River,  constitutes  a  six--mile~long  connection  between  the  Mississippi  and  Atchafalaya 
Rivers  and  is  located  320  and  120  river  miles  from  the  respective  mouths.  Dredging 
operations  for  navigation  and  flood  reduction  purposes  were  responsible  for  inhanc- 
ing  the  diversion  of  the  Mississippi  River  flow  to  the  Atchafalaya.  In  1944,  the  diver¬ 
sion  amounted  to  17%  of  the  Mississippi  River  flow  and  25%  in  1954.  It  was  estimated 
that  when  the  diversion  reached  40%,  siltation  would  make  New  Orleans  and  Baton 
Rouge  unnavigable.  In  addition,  bridge  approaches  and  towns  along  the  lower 
Atchafalaya  would  experience  flooding  as  the  river  channel  widened  and  deepened 
to  compensate  the  additional  flow.  TMs  would  constitute  a  serious  threat  to  ship¬ 
ping,  commerce,  and  property.  To  correct  this  situation,  at  $75  million  dike,  lock, 
and  channeling  program  was  recommended  [11,12]. 

Detailed  evaluation  of  topographic  maps  could  establish  the  vulnerability  of 
the  world’s  major  river  systems  to  such  a  GW  method.  Presumably,  it  might  be 
possible  to  activate  such  a  process  by  blasting  a  small  section  of  the  land  barrier 
between  streams  whose  channels  are  at  different  elevations. 
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APPENDIX  V,  EARTHQUAKE  PHENOMENA* 

V.1.0  DISCUSSION 

An  earthquake  is  characterized  by  a  train  of  vibrations  of  material  at  or 

beneath  the  earth’s  surface  and  is  generally  thought  to  result  from  the  sudden 

release  of  gradually  accumulated  tectonic  strain  in  a  region  of  the  earth’s  crust. 

1 2  28 

The  magnitude  of  energy  release  is  generally  from  10  to  10  ergs. 

A  conceivable  means  for  utilizing  this  phenomenon  as  a  warfare  alterna¬ 
tive  may  be  to  trigger  the  release  of  accumulated  strain  with  underground 
nuclear  detonations.  From  data  based  on  some  of  the  AEC  Nevada  tests,  it  has 
been  tentatively  concluded  [1]  that  release  of  tectonic  strain  did  occur  along 
with  the  Ranier  explosion  (1.7-kt  TNT  equiv.)  but  that  the  magnitude  of  this 
release  was  too  small  to  affect  the  character  of  seismograms.  However,  experi¬ 
ments  have  been  suggested  [1]  which  should  conclusively  prove  or  disprove  this 
hj^othes  is . 

Inherent  in  such  a  scheme  would  be  the  detection  of  areas  in  which  tectonic 


strain  is  accumulating.  To  date,  two  possible  detective  methods  have  been  sug¬ 
gested.  One  requires  on-site  instrumentation  and  is  based  on  the  fact  that  gradual 
crustal  movement  occurs  as  strain  is  accumulating.  The  other,  suggested  by  Dr. 
Keilis-Borok  (Institute  of  the  Physics  of  the  Earth,  Moscow)  at  the  IGY  review 
meeting  at  UCLA,  August  1963,  is  based  on  the  fact  that  shear  waVhs  are  appar¬ 
ently  impeded  by  material  under  great  strain.  As  a  prediction  technique,  this 
is  reported  to  be  only  in  the  developmental  stage. 

It  appears  that  the  preparation  and  hardware  needed  to  harness  earthquakes 
would  limit  their  use  to  defensive  warfare.  Their  use  for  offensive  warfare  seems 
impractical  because  the  apparent  energy  needed  to  trigger  the  release  of  tectonic 
strain  (the  equivalent  of  tens  of  kilotons  of  TNT)  is  so  great  that  direct  use  of  the 
energy  may  prove  more  advantageous. 
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